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Introduction 

Angiogenesis,  the  formation  of  new  C3.pill3.ries  from  pre-existing  vessels,  is  essentml  tor  tumor 
progression.  (1,  2,  3,  4,  5)  Angiostatin,  a  proteolytic  fragment  of  plasminogen(6),  inhibits  angiogenesis  and 
thereby  growth  of  primary(7)  and  metastatic  tumors(8,  9,  10).  Radiotherapy  is  important  in  the  treatment  of 
human  cancers  but  is  often  unsuccessful  due  to  tumor  cell  radioresistance(l  1,  12).  We  proposed  the  hypothesis 
that  interactive  killing  between  angiostatin  and  fractionated  radiation  in  murine  tumors  and  human  xenografts 
may  overcome  radioresistance  by  targeting  the  prostate  tumor  neovasculature.  This  hypothesis  is  based  on  the 
fact  that  tumor  endothelium  is  derived  from  normal  host  tissue,  and  unlike  neoplastic  tissue,  is  genetically 
stable.  Furthermore,  one  tumor  vessel  may  supply  as  many  as  lO'-lO4  tumor  cells.  We  hypothesize  that 
concepts  from  our  investigations  of  targeting  the  tumor  vasculature  with  DNA  damaging  agents  and 
angiogenesis  inhibitors  may  be  beneficial  in  some  forms  of  prostate  cancer. 
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Radiation  and  Angiostatin  Target  the  Tumor  Vasculature:  A  New  Paradigm  for  Prostate  Cancer  Research 
Ralph  R.  Weichselbaum,  MD 

Body 

Task  1:  Angiostatin  and  radiation  exert  an  interactive  tumor  killing  effect  in  human  prostate 
carcinoma  xenografts  by  inhibiting  tumor  angiogenesis.  For  the  first  twelve  months  of  the  proposal  we 
proposed  to  use  purified  angiostatin  (AS)  and  ionizing  radiation  (IR)  to  assess  the  anti-tumor  effect  of  combined 

treatment  in  prostate  cancer.  PC-3  prostate  cancer 
cells  were  injected  into  the  flank  of  nude  mice  and 
tumors  grown  to  a  mean  size  of  770  mm3.  The  animals 
were  divided  into  four  treatment  groups:  control 
(n=8),  IR  (n=10),  AS  (n=10),  combined  AS+IR 
(n=10).  AS  was  injected  intraperitoneally  (IP)  at  a 
dose  of  25  mg/kg/day.  IR  was  delivered  over  two 
weeks  at  a  fraction  of  500  cGy  per  day  to  a  total  dose 
of  4000  cGy.  Animals  receiving  combined  treatment 
were  injected  with  AS  four  hours  prior  to  IR.  The 
tumors  were  measured  twice  weekly  with  calipers. 
The  animals  treated  with  AS  alone  grew  at  the  same 
rate  as  the  controls  and  both  groups  were  euthanized  at 
day  21  due  to  tumor  burden.  The  animals  treated  with 
IR  and  AS+IR  showed  similar  tumor  regression 
through  day  24.  From  day  24  to  day  42  the  IR  treated 
tumors  began  regrowth  while  the  AS+IR  treated 
tumors  continued  regressing.  At  day  42  the  difference  in  means  is  statistically  significant  (P0.001).  (Figure  1) 
We  also  used  the  Lewis  lung  carcinoma  (LLC)  model  to  study  the  interaction  of  AS  and  IR.  LLC  cells 
were  injected  (5x10s)  into  C57BL/6  mice.  The  tumors  grew  to  a  mean  volume  of  1104  mm3.  28  mice  were 

divided  into  treatment  groups,  untreated  control  (n=7), 
40  Gy  (20+20  Gy  days  0  and  1)  (n=7),  AS  (n=7),  and 
AS+40  Gy  (n=7).  AS  was  injected  IP  beginning  at  day 
0  at  a  dose  of  25  mg/kg/day  divided  into  two  daily 
injections  and  continued  for  fourteen  days.  The 
untreated  control  and  AS  alone  animals  were 
euthanized  on  day  9.  The  time  to  tumor  regrowth  is 
extended  in  the  AS+IR  treatment  group  compared  to 
the  IR  alone.  At  day  nine  the  difference  in  mean  tumor 
volumes  is  statistically  significant  (P  <0.05).  (Figure 
2)  To  determine  the  effects  of  treatment  on  tumor 
neovascularization,  representative  tissue  sections  from 
LLC  tumors  were  stained  using  anti-CD-31  antibody 
and  standard  immunohistochemical  techniques.  The 
number  of  tumor  vessels  per  high  power  field  was 
reduced  following  treatment  with  AS+IR  compared 
with  all  other  treatments.  To  demonstrate  that  the  PC- 
3  tumor  cells  are  not  the  target  of  the  AS/IR  interaction,  PC-3  cells  were  treated  with  AS+IR  in  vitro  employing 
the  clonogenic  assay.  Cells  treated  with  AS  have  identical  surviving  fractions  to  those  cells  treated  with  IR 
alone.  This  demonstrates  that  the  in  vivo  interaction  of  AS  and  IR  is  not  attributable  to  the  direct  killing  of  the 
PC-3  cells  but  suggests  that  endothelial  cells  are  the  target  of  the  AS+IR  interaction.  My  laboratory  has 
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demonstrated  that  the  AS/IR  response  is  directed  at  the  endothelial  cells.  HUVEC  were  treated  with  1,  10,  100, 
and  1000  ng/ml  AS.  There  is  an  initial  rapid  decrease  in  surviving  fraction  which  levels  off  at  100  ng/ml  (0.47 
surviving  fraction)  and  remains  comparable  when  HUVEC  are  treated  with  concentrations  of  AS  as  high  as 

- - - - - 1  1000  ng/ml  (0.44  surviving  fraction).  We  then  studied 

the  effects  of  treatment  with  AS  followed  by  IR  on 
HUVEC.  In  order  to  conserve  the  limited  AS  supply, 
we  chose  to  use  an  AS  concentration  of  100  ng/ml 
Angies, atin  and  cyclophosphamide  (since  the  surviving  fraction  was  the  same  as  1000 

ng/ml)  added  to  the  cultures  18  hours  after  plating.  IR 
i  was  delivered  four  hours  after  addition  of  AS.  These 

t  tJ  experiments  demonstrate  the  additive  cytotoxic 

|  J-Ufl  interaction  of  AS  and  IR  in  HUVEC.  In  order  to 

!  JfA  jiJxT  elucidate  whether  the  mechanism  of  this  killing  by  AS 

|  -*-«*■'  was  due  in  part  to  increased  apoptosis  in  AS  treated 

l  c7i”pho,p„.mu.  cells,  we  determined  the  percentage  of  HUVEC 

f  undergoing  apoptosis  after  treatment  with  1000  ng/ml 

<1 — — -r—r - 3'0 1  •  1  1  AS,  lOGy,  or  the  combination  when  compared  to 

T‘y^ 3  controls  at  0,  12,  24,  and  48  hours.  We  chose  to  use  the 

F'9ure  7-AAD  staining  method  as  it  stained  both  early  and  late 

apoptotic  cells.  There  is  no  increase  in  apoptosis  in 

- - - 1  HUVEC 
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Figure  4 


by  apoptosis,  but  the  cytotoxicity  observed  is  due  to  a  mitotic  cell  death.  Task  2:  Angiostatin  and  radiation 
are  potentially  an  effective  therapy  against  metastases  from  prostate  cancer.  From  12  months  to  the 
present  we  have  been  investigating  the  interaction  between  a  DNA  damaging  agent,  cyclophosphamide  (CTX), 
and  AS.  We  have  studied  this  interaction  using  the  PC3  xenograft  and  LLC  tumor  model  and  its  effects  on 
primary  tumor  growth  delay.  Figure  3  shows  the  results  of  treatment  of  PC3  xenografts  treated  with  AS,  CTX, 
and  AS+CTX.  A  small  tumor  growth  delay  was  seen  in  the  AS+CTX  treatment  group  compared  to  CTX  alone. 
LLC  tumors  were  established  as  outlined  above.  For  the  first  experiment,  the  treatments  began  seven  days  after 
injection  with  tumors  having  a  mean  volume  of  228  mm3.  The  pattern  of  growth  in  the  AS  group  was  similar  to 
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Table  1:  The  mean  number  of  lung  metastases  in  mice  bearing  LLC  tumors  that 
were  treated  with  PBS  (Control),  Angiostatin,  Cyclophosphamide,  and 

Angiostatin  +  Cyclophosphamide. 

Angiostatin  + 

Time  (Days)  Control  Angiostation  Cyclophosphamide  Cyclophosphamide 

10 

0.5 

2.3 

0.67 

0 

12 

1.5 

4.3 

0 

0.33 

14 

2.8 

5.2 

0.86 

0.67  ^ 

17 

49.75 

30 

3.8 

1.17 

19 

89.86 

88 

5.88 

0.67 

21 

134.9 

74.86 

15.22 

2.56 

- -  '  (P=0.024) 

_ 

and  the  combination,  at  day  14  we  did  not 
observe  any  difference  in  the  primary  tumor 
growth  of  mice  treated  with  CTX  alone  or  with 
CTX+AS.  . 

Because  the  Lewis  lung  carcinoma 
begins  neoangiogenesis  about  day  4  post  tumor 
implantation  (Scan.  Electron  Microsc.  (pt.  2): 
557,  (1986)),  we  chose  day  3  in  the 
subsequent  study  to  initiate  treatment  with  AS. 


PC-3  Dose-Response  with  4-HC  +  angiostatin 
{Mean  +  SEM  of  2  Experiments) 
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Figure  5A 


metastasized  colonies.  The  mice  were  injected  with  LLC  cells  and  randomized  into  four  treatment  groups  as 

described.  3  days  later,  treatment  began.  Control  tumors 
were  injected  with  PBS  (200  pi  daily  for  7  days).  Mice 
treated  with  CTX  received  a  total  dose  of  300  mg  divided 
into  four  treatments  of  75  mg/kg  delivered  on  days  4,  5,  6, 
and  7.  Animals  in  the  AS  group  received  5  mg/kg  of  AS  on 
days  3,  4,  5,  6,  7,  8,  and  9.  Primary  tumor  volumes  were 
determined  as  before  and  mean  tumor  volumes  were 
recorded.  Tumors  were  measurable  in  all  the  groups  at  day 
7.  Primary  tumor  volumes  in  the  CTX  group  (mean  92.4  + 
8.97  mm3)  and  the  combined  treatment  groups  (88.5  ±  8.3 
mm3)  were  smaller  than  the  control  (139  +  12.89  mm3)  and 
AS  treated  groups  (103.7  +  12.65  mm3).  Tumors  continued 
to  grow  in  all  the  groups  throughout  the  experiment.  Tumor 
volumes  of  mice  in  the  PBS  and  AS  treated  groups  tripled  at 
day  10  while  those  in  the  CTX  and  the  combined  treatment 
group  had  doubled.  The  control  group  reached  a  tumor 
volume  of  3000  mm3  by  day  17  with  tumors  in  the  AS  group 
reaching  a  comparable  size.  Tumors  of  mice  treated  with 
CTX  alone  and  those  with  AS+CTX  reached  a  mean  volume 
of  1000  mm3  at  day  17.  This  study  was  repeated  to  confirm 
the  results  obtained.  While  the  AS  and  AS+CTX  treatment 
did  not  alter  the  growth  of  the  primary  tumor,  the  number  of 
lung  metastases  (Table  1)  was  reduced  in  the  AS  treated 
group  as  compared  to  the  controls  at  day  21.  The  number  of 
lung  metastases  was  lower  in  the  CTX  treated  group  as 
compared  to  the  AS  treated  group.  Interestingly,  the  number 
of  lung  metastases  was  markedly  reduced  in  the  group 
treated  with  AS+CTX  (p=0.024).  This  reduction  in 
metastases  in  tumors  treated  with  CTX+AS  is  relevant  to  the 
development  of  adjuvant  treatment  of  prostate  cancer.  To 
determine  which  stages  of  angiogensis  were  altered  by  the 


HUVEC  Dose  Response  with 
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Figure  5B 

treatment  with  angiostatin  +  cyclophosphamide,  we  employed  the  in  vitro  assays  for  interactive  cell  killing, 
migration  and  tube  formation.  Figures  5A  and  5B  demonstrate  that  there  is  no  increase  in  cytotoxicty  of  PC-3 
and  HUVEC  treated  with  the  combination  of  angiostatin  and  4-HC  when  compared  to  cells  treated  with  4-HC. 
Figure  6  shows  that  migration  was  not  affected  in  HUYEC  treated  with  angiostatin,  4-HC,  or  the  combination 
of  angiostatin  and  4-HC.  However,  we  found  that  tube  formation,  although  not  effected  by  either  agent  alone, 
demonstrated  inhibition  when  angiostatin  was  combined  with  cyclophophamide  (Figure  7).  These  data  indicate 
that  exposure  of  endothelial  cells  to  the  combination  of  angiostatin  and  cyclophosphamide  show  no  increase  in 
cell  killing,  allow  endothelial  cells  to  migrate  normally,  but  act  by  inhibiting  the  formation  of  vessels.  Task  3: 
Angiostatin  and  x-irradiation  induce  p53  and  lower  the  apoptotic  threshold  in  endothelial  cells  when 


compared  to  x-irradiation  or  angiostatin  alone.  We  have  analyzed  whether  the  enhanced  killing  effect  of 
AS+IR  is  due,  in  part,  to  increased  apoptosis  by  a  p53  dependent  mechanism.  As  stated  above,  we  found  no 
increase  in  apoptosis  in  control  versus  AS  treated  HUVEC,  and  no  increase  in  IR  versus  AS+IR  treated 
HUVEC.  We  further  analyzed  the  in  vitro  levels  of  p53  in  endothelial  cells  using  western  analysis.  We  found 
no  difference  in  d53  levels  in  control  versus  AS  treated  endothelial  cells,  and  no  increase  in  IR  versus  AS+IR 

_ _ _ — - — - -  i  ~~  I 


Figure  6:  HUVEC  migration  assay.  1)  negative 
control,  2)  positive  control,  3)  angiostatin,  4)  4-HC, 
5)  angiostatin  +  4-HC 


Figure  7:  Tube  formation  assay. 
HUVEC  treated  with  A)  positive 
control,  B)  negative  control,  C) 
angiostatin,  D)  4-HC,  E)  angiostatin  + 
4-HC 


treated  endothelial  cells.  Cell  cycle  analysis  confirmed  these  data  with  no  differences  in  the  cell  cycle  phases  in 
control  versus  AS  treated  endothelial  cells  and  in  the  IR  versus  AS+IR  treated  endothelial  cells.  Task  4: 
Angiostatin  interacts  with  IR  by  inhibiting  activation  of  PKCa  or  PKC(3n  proliferative  isoforms  of  PKC 
or  activating  PKC8,  a  pro-apoptotic  isoform  of  PKC.  HUVEC  were  incubated  with  angiostatin  and  cells 
were  harvested  at  0,  6,  12,  18,  24  and  36  hours  for  protein  isolation  and  western  analysis  with  PKCa,  PKCpn, 
and  PKC5.  Figure  7A  shows  the  western  blot  for  PKCa  and  figure  7B  the  western  blot  for  PKCpn-  The  results 
show  no  inhibition  of  either  PKC  isoform.  PKC5  showed  no  induction  or  increased  activation  by  appearance  of 
cleavage  products  in  HUVEC  exposed  to  angiostatin.  These  data  further  support  our  evidence  that  angiostatin 
does  not  enhance  the  radiation-induced  apoptosis  of  endothelial  cells. 


Time  (Hrs) 

Time  (Hrs) 

0  6  12  18  24  36 

0  6  12  18  24  36 

Angiostatin  KIBHHK19 

Control  * - - 

Angiostatin 

Figure  7  A:  PKCa  western  blot  of  HUVEC  following 

Figure  7B:  PKCpil  western  blot  of  HUVEC  following 

exposure  to  angiostatin. 

exposure  to  angiostatin. 

The  data  we  have  generated  during  the  duration  of  this  funding  period  may  lead  to  increased  efficacy  of 
localized  radiotherapy  for  prostate  cancer  and  expand  the  use  of  angiogenesis  inhibitor/radiation  combinations. 
Also  the  discovery  that  DNA  damaging  agents  in  combination  with  angiogenesis  inhibitors  decrease  metastatic 
disease  in  animals  may  be  beneficial  in  the  adjuvant  treatment  of  prostate  cancer  and  possibly  in  some  forms  of 
metastatic  prostate  cancer. 
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Key  Research  Accomplishments 

•  PC-3  prostate  cancer  cell  xenografts  treated  with  angiostatin  +  IR  produce  a 
significant  increase  in  tumor  regression  and  delayed  tumor  regrowth  than  xenografts 
treated  with  angiostatin  or  IR  alone. 

•  The  effects  of  treatment  with  angiostatin  +  IR  is  directed  to  the  tumor  endothelium 
and  not  the  PC-3  cancer  cells. 

•  The  number  of  tumor  vessels  was  reduced  in  LLC  tumor  sections  following  treatment 
with  angiostatin  +  IR  compared  with  either  treatment  alone. 

•  The  interaction  of  angiostatin  +  IR  is  additive. 

•  The  interaction  of  angiostatin  +  IR  is  not  mediated  by  apoptosis. 

•  There  is  no  interactive  effect  on  growth  of  LLC  tumors  treated  with  angiostatin  + 
cyclophosphamide. 

•  There  is  a  dramatic  decrease  in  the  number  of  lung  metastases  in  animals  bearing 
LLC  tumors  treated  with  angiostatin  +  cyclophosphamide  compared  to 
cyclophosphamide  alone. 

•  There  is  no  interactive  effect  in  vitro  in  PC-3  and  HUVEC  treated  with  angiostatin  + 
cyclophosphamide. 

•  p53  levels  were  not  different  in  control  versus  angiostatin  treated  endothelial  cells  or 
IR  versus  angiostatin+IR  treated  endothelial  cells. 

•  The  interaction  of  angiostatin  and  IR  is  not  mediated  by  the  inhibition  of  PKCa  or 
PKCPn,  or  the  induction  or  cleavage  of  PKC8. 
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Conclusions:  We  demonstrate  that  the  combined  treatment  with  AS+IR  produces  a 
significant  increase  in  tumor  regression  and  delayed  regrowth  in  PC-3  prostate  cancer  cell 
xenografts.  We  also  show  that  effect  of  this  combined  treatment  is  directed  to  the 
endothelial  cells  and  not  to  the  PC-3  prostate  cancer  cells.  Our  data  demonstrate  that  the 
percentage  of  apoptotic  endothelial  cells  does  not  increase  when  treated  with  AS,  IR,  and 
AS+IR  in  vitro.  We  conclude,  therefore,  that  the  interaction  of  AS  and  IR  is  not 
mediated  by  p53  dependent  apoptosis  but  is  likely  due  to  a  mitotic  cell  death.  We  further 
demonstrate  that  the  interaction  is  not  due  to  increased  apoptosis  by  showing  no 
inhibition  of  PKCa  or  PKCpII  or  induction  of  the  pro-apoptotic  isoform,  PKC5.  We 
demonstrate  that  combined  treatment  with  a  DNA  damaging  agent  (CTX)  in  combination 
with  AS  has  little  effect  on  the  growth  of  the  primary  tumor  when  compared  with  either 
treatment  alone.  However,  there  is  a  decrease  in  the  number  of  lung  metastases  in  the 
combined  treatment  group.  In  vitro  we  demonstrated  that  the  combination  of  angiostatin 
and  CTX  had  no  increase  in  cell  killing  compared  to  CTX  alone,  did  not  inhibit 
migration,  but  did  inhibit  tube  formation.  These  data  may  lead  to  increased  efficacy  of 
localized  radiotherapy  for  prostate  cancer  and  expand  the  use  of  angiogenesis 
inhibitor/radiation  combinations.  Also  the  discovery  that  DNA  damaging  agents  in 
combination  with  angiogenesis  inhibitors  decrease  metastatic  disease  in  animals  may  be 
beneficial  in  the  adjuvant  treatment  of  prostate  cancer  and  possibly  in  some  forms  of 
metastatic  prostate  cancer. 
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Angiogenesis,  the  formation  of  new  capillaries  from  pre-existing 
vessels,  is  essential  for  tumour  progression1'5.  Ajigiostatin,  a 
proteolytic  fragment  of  plasminogen6  that  was  first  isolated 
from  the  serum  and  urine  of  tumour-bearing  mice7,  inhibits 
angiogenesis  and  thereby  growth  of  primary8  and  metastatic7,9,10 
tumours.  Radiotherapy  is  important  in  the  treatment  of  many 
human  cancers,  but  is  often  unsuccessful  because  of  tumour  cell 
radiation  resistance11,12.  Here  we  combine  radiation  with  angio¬ 
statin  to  target  tumour  vasculature  that  is  genetically  stable  and 
therefore  less  likely  to  develop  resistance13-15.  The  results  show  an 
antitumour  interaction  between  ionizing  radiation  and  angio¬ 
statin  for  four  distinct  tumour  types,  at  doses  of  radiation  that  are 
used  in  radiotherapy.  The  combination  produced  no  increase  in 
toxicity  towards  normal  tissue.  In  vitro  studies  show  that  radiation 
and  angiostatin  have  combined  cytotoxic  effects  on  endothelial 
cells,  but  not  tumour  cells.  In  vivo  studies  show  that  these  agents, 
in  combination,  target  the  tumour  vasculature.  Our  results 
provide  support  for  combining  ionizing  radiation  with  angiostatin 
to  improve  tumour  eradication  without  increasing  deleterious 
effects. 

To  assess  the  effects  of  human  angiostatin  on  primary  tumour 
growth,  we  treated  mice  with  murine  Lewis  lung  carcinoma  (LLC) 
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tumours  with  25  or  50  mg  angiostatin  per  kg  per  day.  The  former 
dose  produced  a  38%  decrease  in  mean  tumour  volume  and  the 
latter  dose  reduced  mean  tumour  volume  by  54%,  as  compared  with 
untreated  controls  (day  9;  P  =  0.026).  We  selected  a  dose  of  25  mg 
human  angiostatin  per  kg  per  day  for  subsequent  studies  to  allow 
optimal  evaluation  of  a  potential  interaction  between  angiostatin 
and  ionizing  radiation. 

We  examined  the  effects  of  human  angiostatin  and  ionizing 
radiation  in  LLC  tumours  and  in  three  human -tumour  xenograft 
models  (D54,  SQ-20B  and  PC3).  These  tumour  cell  lines,  which 
differ  in  radiation  sensitivities  and  growth  kinetics,  are  derived  from 


a 


D54  xenografts 


SG-20B  xenografts  (hAS) 


tumours  in  which  local  failure  of  the  primary  tumour  results  in 
morbidity  and  mortality.  The  tumour  volumes  at  the  start  of 
treatment  ranged  from  386  to  1,104  mm3  and  represented  a 
tumour  burden  of  2-5.5%  of  body  weight.  The  dose  of  25  mg 
human  angiostatin  per  kg  per  day  produced  only  modest  growth 
inhibition  compared  with  ionizing  radiation  alone.  In  contrast, 
combined  treatment  with  human  angiostatin  and  ionizing  radiation 
produced  significant  growth  inhibition  (determined  at  the  nadir; 
Fig.  1)  compared  with  either  treatment  alone  (Table  1). 

In  other  experiments,  we  treated  mice  with  LLC  tumours  with 
recombinant  murine  angiostatin.  By  day  5,  25  mg  per  kg  per  day  of 


SQ-20B  xenografts  (mAS) 


Days 


PC3  xenografts 


Days 

Figure  1  Tumour  growth  following  combined  treatment  with  angiostatin  and 
radiation  (XRT).  Open  triangles  represent  untreated  controls;  filled  triangles 
represent  treatment  with  XRT;  open  circles  represent  treatment  with  angiostatin; 
filed  circles  represent  treatment  with  angiostatin  and  XRT.  a,  LLC  growth. 
C57BI/6  mice  with  LLC  tumours  (1 104  ±  97.9  mm3)  were  injected  daily  for  14  days 
with  human  angiostatin  and  received  two  20 Gy  doses  {on  days  0  and  1).  b,  D54 
growth.  Female  nude  mice  with  human  glioblastoma  tumours  (385.8  ±  48.2  mm3) 
were  injected  with  human  angiostatin  2h  before  XRT  treatment  (5  Gy  per  day  to 
30 Gy),  c.  SQ-20B  growth  (treatment  with  human  angiostatin,  hAS).  Athymic  nude 
mice  with  SQ-20B  xenografts  (675.8  ±  74.7  mm3).  received  human  angiostatin 
(25  mg  per  kg  per  day)  2h  before  XRT  treatment  (5  Gy  per  day,  to  50  Gy),  d,  SQ- 
20B  growth  (treatment  with  murine  angiostatin,  mAS).  Mice  with  SQ-20B  tumours 
(535  ±  29.5  mm3)  were  injected  with  murine  angiostatin  (2.5  mg  kg  per  day)  2h 
before  XRT  treatment  (5  Gy  per  day,  to  50  Gy),  e,  PC3  growth.  Mice  with  PC3 
xenografts  (769.5  ±  69.5mm3)  were  treated  with  human  angiostatin  2h  before 
XRT  treatment  (5  Gy  per  day,  to  40  Gy).  Combined  treatment  with  angiostatin  and 
XRT  produced  significant  tumour  regression  in  all  tumour  types  (LCC  day  9, 
P  <  0.05;  D54  day  21,  P  <  0.005;  SQ-20B  hAS  day  21,  P  <  0.005;  SQ-20B  mAS  day 
21,  P  <  0.001 ;  PC3  day  42,  P  <  0.001 ). 


L 


288 


NATURE  I  VOL  394(16  JULY  1 998 


letters  to  nature 


murine  angiostatin  significantly  decreased  (P=  0.007)  mean 
tumour  volume  by  29%  (1,680  ±  111  mm3)  as  compared  with 
control  tumours  (2,370  ±  169  mm3;  data  not  shown).  In  mice 
with  SQ-20B  xenografts  (Fig.  Id)  treatment  with  murine  angiosta¬ 
tin  (2.5  mg  per  kg  per  day)  and  ionizing  radiation  significantly 


Table  1  Summary  of  fractional  tumour  volume  as  a  function  of  treatment 


Tumour 

designation 

Control 

Radiation 

Human 

angiostatin 

Human 
angiostatin  + 
radiation 

LLC  . 

8.49 

3.21 

5.85 

0.96 

P  <  0.05 

day  9 
[n  -  28) 

±0.51 

±0.73 
(40  Gyr) 

±0.12 

±0.20 

D54 

9.25 

2.78 

2.94 

0.38 

P  <  0.005 

day  21 
(n  =20) 

±0.91 

±0.89 
(30  Gy) 

±0.07 

±0.16 

SQ-20B 

2.17 

1.05 

2.94 

0.38 

P<  0.005 

day  21 
(n  =  31) 

±0.50 

±0.31 
(50  Gy) 

±0.07 

±0.16 

PC3 

*2.55 

0.75 

*1.98 

0.09 

P  <  0.001 

day  42 
(n  =  38) 

±0.05 

±0.35- 
(40  Gy) 

±0.55 

±0.05 

The  interactive  anti-tumour  effects  of  combined  treatment  with  human  angiostatin  and 
ionizing  radiation  are  greater  than  additive  when  compared  with  the  expected  effects  of 
combined  treatment  In  LLC  tumours  the  mean  fractional  tumour  volume  of  3.21  mm3 
(radiation-treated  group)  represents  a  62.2%  volumetric  reduction.  If  this  percentage  is 
analysed  with  the  31.1%  reduction  in  tumour  size  in  the  a ngiosta tin-treated  group,  then  the 
expected  volumetric  reduction  in  the  tumour  size  in  the  combined  treatment  group  should 
be  74%.  However,  the  per  cent  reduction  in  the  combined  treatment  group  is  88.7%, 
suggesting  greater-than-additive  treatment  effects.  Greater-than-additive  treatment  effects 
are  also  observed  for  D54  tumours  (expected,  90.4%;  actual,  95.9%),  SQ-20B  tumours 
(expected,  34.4%;  actual,  82.5%)  and  PC3  tumours  (expected,  77.2%;  actual,  96.5%).  Data  are 
mean  tumour  volume  ±  s.e.m.  per  group.  Day,  nadir  of  regression;  n,  total  number  of 
animals.  *  These  mice  were  killed  at  day  21  because  of  tumour  burden. 


Figure  2  Visualization  of  the  tumour  vasculature  using  anti-CD31  immuno- 
histochemistry.  Micrographs  are  of  representative  sections  from  D54  glioblastoma 
xenografts  {day  24)  following  treatment  with  human  angiostatin  and  ionizing 
radiation.  Microvessels  were  visualized  in  paraffin-embedded  tissue  sections 
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reduced  mean  tumour  volume  by  64%  (day  21;  P<  0.001)  as 
compared  with  angiostatin  alone  (16%  reduction)  or  ionizing 
radiation  alone  (18%  reduction).  These  studies,  in  which  we  used 
murine  angiostatin  at  a  tenfold  lower  dose  than  of  human  angios¬ 
tatin,  confirmed  the  interactive  antitumour  effects  of  combined 
treatment  with  angiostatin  and  ionizing  radiation. 

To  determine  the  effects  of  treatment  on  tumour  neovasculariza¬ 
tion,  we  examined  representative  tissue  sections  from  LLC,  D54  and 
SQ-20B  tumours  using  anti-CD3 1  antibody  and  standard  immu- 
nohistochemical  techniques  (Fig.  2).  The  number  of  LLC  and  D54 
tumour  vessels  per  high-power  field  was  reduced  following  expo¬ 
sure  to  combined  treatment  with  human  angiostatin  and  ionizing 
radiation  compared  with  exposure  to  all  other  treatments.  The 
number  of  vessels  per  high-power  field  was  also  reduced  in  SQ-20B 
tumours  exposed  to  combined  treatment  with  angiostatin  and 
ionizing  radiation  compared  with  those  exposed  to  ionizing  radia¬ 
tion  alone  (P  =  0.04).  Significant  interactive  treatment  effects  were 
observed  in  all  tumour  types  (LLC,  day  14,  P  =  0.06;  D54,  day  24, 
P  =  0.011;  and  SQ-20B,  day  28,  P  =  0.003;  ANOVA). 

To  explore  potential  cytotoxic  effects  of  combining  angiostatin 
with  ionizing  radiation  we  studied  clonogenic  survival  of  human 
aortic  endothelial  cells  (HAECs)  and  human  umbilical  vein 
endothelial  cells  (HUVECs)  exposed  to  ionizing  radiation.  Clono¬ 
genic  assays  demonstrated  30-40%  cell  killing  of  HAECs  and 
HUVECs  exposed  to  human  angiostatin  (10  and  lOOngml  1). 
There  was  no  difference  in  the  amount  of  apoptosis,  as  measured 
by  staining  of  HUVEC  with  4,6-diamidino-2-phenylindole  (DAPI), 
at  4,  8,  12  or  24  hours  of  treatment  with  angiostatin  (6.03-9.92% 
apoptosis)  compared  with  control  HUVEC  (6.03-10.57%).  Inter¬ 


using  a  monoclonal  antibody  against  CD31,  and  developed  using  the  avidin- 
biotin  peroxidase  technique,  a,  Untreated  control,  b,  30 Gy  ionizing  radiation,  c, 
Angiostatin  alone,  d,  Angiostatin  4-  30 Gy  ionizing  radiation. 
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active  cytotoxicity  was  observed  when  HAECs  and  HUVECs  were 
treated  with  angiostatin  and  exposed  to  100, 200  or  900  cGy  (Fig.  3). 
Similar  results  were  obtained  when  we  treated  bovine  aortic 
endothelial  cells  (BAECs)  with  human  angiostatin  and  ionizing 
radiation.  In  contrast,  no  cytotoxicity  was  observed  when  tumour 
cell  lines  were  treated  with  human  angiostatin,  and  no  interactive 
killing  was  observed  following  exposure  to  angiostatin  and  ionizing 


radiation  (Fig.  4).  No  increase  in  apoptosis  was  observed  when 
HUVEC  cultures  were  treated  with  angiostatin  and  ionizing  radia¬ 
tion  (maximum  of  21.58%  apoptosis  at  4h)  compared  with  ioniz¬ 
ing  radiation  alone  (maximum  of  22.54%  apoptosis  at  4h).  These 
findings  indicate  that  the  interactive  cytotoxic  effects  of  human 
angiostatin  and  ionizing  radiation  in  vitro  are  selective  for  endothe¬ 
lial  cells  and  not  mediated  by  apoptosis. 


b  HUVEC  X-ray  survival  ±  hAS 


Figure  3  In  vitro  clonogenic  survival  of  a,  HAECs,  andb,  HUVECs  on  exposure  to  were  stained  and  the  surviving  fraction  was  determined.  Data  represent  the  mean 

X-rays  in  the  presence  of  human  angiostatin  (hAS).  Cells  were  plated  and  of  two  separate  experiments  ±  s.e.m. 

exposed  to  angiostatin  4  hours  before  a  single  dose  of  X-ray  irradiation.  Colonies 


a  LLC  X-ray  survival  ±  hAS 


Figure  4  In  vitro  clonogenic  survival  of  a,  Lewis  lung  carcinoma  cell  line  (LLC),  b, 
human  malignant  glioma  cell  line  (D54),  c,  human  squamous  cell  carcinoma  cell 
line  (SQ-20B),  and  d,  human  prostate  adenocarcinoma  cell  line  (PC3)  in  response 
to  angiostatin.  Cells  were  plated  and  exposed  to  human  angiostatin  (hAS)  4h 


c  SQ-20B  X-ray  survival  ±  hAS 
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d  PC3  X-ray  survival  ±  hAS 
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before  a  single  dose  of  X-ray  irradiation.  Colonies  were  stained  and  the  surviving 
fraction  was  determined  as  described  (see  Methods).  Data  are  represented  as 
the  mean  ±  s.e.m. 
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The  interaction  of  the  antitumour  effects  of  angiostatin  and 
ionizing  radiation  was  observed  at  concentrations  of  angiostatin 
that  had  modest  effects  on  primary  tumour  growth.  We  used 
angiostatin  for  a  relatively  short  period  of  time  (to  coincide  with 
radiotherapy)  and  used  lower  doses  than  those  used  previously3. 
The  relative  lack  of  treatment  effects  when  angiostatin  was  used  as  a 
single  agent  may  be  related  to  the  large  tumour  volumes  used  here 
compared  with  in  other  studies9,10.  Analysis  of  histological  sections 
of  tumours  treated  with  angiostatin  and  ionizing  radiation  indicates 
that  newly  forming  vessels  may  be  the  target  of  the  observed 
antitumour  effects.  This  hypothesis  is  supported  by  in  vitro  studies, 
which  show  interactive  killing  of  endothelial  cell  lines  by  angiostatin 
and  ionizing  radiation.  Further  support  for  the  endothelial  cell  as  a 
target  of  the  radiation- angiostatin  interaction  is  provided  by 
experiments  that  show  no  cytotoxic  action  or  radiosensitizing 
effects  of  angiostatin  in  tumour  cell  lines.  Angiostatin  inhibits 
endothelial  cell  proliferation  in  vitro;  however,  this  is  to  our  knowledge 
the  first  report  of  clonogenic  killing  of  endothelial  cells  by  angio¬ 
statin  and  synergistic  antitumour  effects  using  angiostatin  as  a 
radiation  modifier.  Angiostatin  has  great  potential  to  enhance  the 
therapeutic  ratio  in  combined-modality  cancer  treatment.  □ 


Methods 

Cell  culture.  Lewis  lung  carcinoma  cells  (LLC-LM)  (a  gift  from  J.  Folkman) 
were  maintained  in  DMEM  medium  (Gibco)  with  10%  heat-inactivated  fetal 
bovine  serum  (Intergen)  and  penicillin/streptomycin  (Gibco).  Human 
malignant  glioma  (D54)  cells  (a  gift  from  D.  D.  Bigner)  were  cultured  in 
50%  DMEM,  50%  F-12  medium  (Gibco),  7%  fetal  bovine  serum  and 
penicillin/streptomycin.  SQ-20B  squamous  cell  carcinoma  cells  derived  from  a 
patient  with  recurrent  squamous  cell  carcinoma  of  the  larynx  were  maintained 
in  DMEM:  F-12  (3:1),  20%  fetal  bovine  serum,  0.4p.gml_1  hydrocortisone 
(Sigma)  and  penicillin/streptomycin.  PC3  prostate  adenocarcinoma  tumour 
cells  (American  Type  Culture  Collection)  were  maintained  in  RPMI-1640 
medium  (Gibco)  containing  10%  fetal  bovine  serum  and  penicillin/ 
streptomycin.  HAECs  and  HUVECs  were  maintained  in  EGM-2  medium 
(Clonetics  Corp.). 

Mouse  studies.  LLC  cells  were  injected  subcutaneously  (s.c.)  into  the  right 
hind  limb  (5  X  105  cells  in  100  |jl1  PBS)  of  C57B1/6  female  mice  (Frederick 
Cancer  Research  Institute).  D54  (1  X  106),  SQ-20B  (5  X  106)  and  PC3  cells 
(2  X  107)  were  injected  into  female  nude  mice.  Tumours  grew  for  17-28  days. 
Tumour  volume  was  determined  by  direct  measurement  with  calipers  and  . 
calculated  by  the  formula  (length  X  width  X  depth/2).  Mice  treated  with 
human  angiostatin16  were  injected  intrap eritoneally  (i.p.)  twice  daily  (except 
for  SQ-20B)  at  a  total  dose  of  25  mg  per  kg  per  day.  Mice  with  SQ-20B 
xenografts  received  a  single  injection  of  human  angiostatin  (25  mg  per  kg)  2  h 
before  X-ray  irradiation.  We  found  no  difference  in  the  response  to  human 
angiostatin  if  it  was  given  in  one  or  two  injections  daily  One  group  of  mice  with 
LLC  tumours  was  injected  i.p.  twice  daily  with  a  dose  of  50  mg  angiostatin  per 
kg  per  day  Mice  treated  with  murine  angiostatin  received  a  single  injection  of 
either  2.5  mg  per  kg  per  day  (SQ-20B  xenografts)  or  25  mg  per  kg  per  day  (LLC 
tumours).  The  care  and  treatment  of  experimental  animals  was  in  accordance 
with  institutional  guidelines.  Data  are  reported  as  percentages  of  the  original 
(day  0)  tumour  volume  and  plotted  as  fractional  tumour  volume  ±  s.e.m.. 
Angiostatin  production.  Affinity-purified  human  angiostatin  was  generated 
as  a  cell-free  preparation  as  described16.  No  endotoxin  was  present  in  any  of  the 
preparations,  as  shown  using  the  QCL-1000  limulus  amebocyte  lysate  assay 
(BioWhittaker). 

The  gene  encoding  murine  angiostatin  was  cloned  and  expressed  using  a 
yeast  expression  system  (M.D.  and  V.P.S.,  unpublished  data).  Briefly  a 
complementary  DNA  encoding  mouse  plasminogen  (ATCC)  was  amplified 
using  Vent  DNA  polymerase.  The  primers  used  were  designed  with  the 
appropriate  restriction  sites  to  allow  cloning  directly  into  the  yeast  shuttle 
plasmid  pPICZaA,  which  contains  EcoKl  and  Natl  restriction  sites.  Use  of  this 
vector  permitted  secretion  of  the  recombinant  protein  into  the  culture 
medium.  Positive  clones  were  grown  in  25  ml  BMGY  medium  containing 
100  jjLg  ml"1  Zeocin  at  30  °C  for  18-24  h.  The  overnight  grown  culture  (  A60<i,  2- 
6)  was  used  to  inoculate  2-litre  flasks  containing  500  ml  buffered  glycerol 
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medium.  Cells  were  grown  for  2  days  at  30  °C  (A* o0 16-20),  then  centrifuged  at 
SOOr.p.m.  for  10  min,  and  resuspended  in  300-400  ml  buffered  methanol 
induction  medium.  The  cell-free  supernatant  was  collected  on  days  2,  3  and  4 
and  concentrated  using  ammonium  precipitation  (70%),  dissolved  in  50  mM 
phosphate  buffer,  pH  7.4,  and  dialysed  at  4°C.  Proteins  were  purified  using  a 
lysine-Sepharose  4B  column  (Pharmacia)  equilibrated  with  50  mM  phosphate 
buffer,  pH  7.4.  Recombinant  angiostatin  was  eluted  with  0.2  M  c-amino-N- 
caproic  acid,  pH  7.4.  Fractions  with  maximum  absorbency  were  pooled  and 
dialysed  for  25  h  against  PBS,  pH  7.4,  at  4°C,  with  three  changes  at  intervals  of 
6-8  h.  The  dialysed  sample  was  further  concentrated  by  ultrafiltration  using  an 
Amicon  concentrator  (YM  10).  Protein  concentration  was  determined  using 
the  micro  BCA  assay  (BioRad). 

Immunohlstochemistry.  At  day  24,  mice  were  killed  and  tumours  were  excised 
and  fixed  in  10%  neutral  buffered  formalin.  After  embedding  in’paraffin,  5  pm 
sections  were  cut  and  tissue  sections  were  mounted.  Briefly,  sections  were  dried, 
deparaffinized  and  rehydrated.  After  quenching  endogenous  peroxidase 
activity  and  blocking  with  bovine  serum  albumin,  slides  were  incubated  at 
4°C  overnight  with  a  1:50  dilution  of  rat  anti-mouse-CD31  monoclonal 
antibody  (Pharmingen),  and  were  then  incubated  for  1  h  with  biotinylated 
rabbit  anti- rat  immunoglobulin  (Vector  Laboratories).  Localization  of  blood 
vessels  was  visualized  using  the  Vectastain  elite  ABC  kit.  Vector  PK-6100 
(Vector).  Slides  were  dipped  in  0.125%  osmium  tetroxide  (Sigma)  to  enhance 
positivity  and  counterstained  with  1%  methyl  green  (Trevigen).  Ten  high- 
power  fields  (x400)  were  examined  for  each  tumour  section  using  a  Nikon 
Microphot-FX  microscope  equipped  with  a  Sony  digital  camera.  Vessels  were 
counted  using  Macintosh  Image  Pro-Plus  imaging  software. 

Clonogenic  assay.  Endothelial  cells  (HAECs  and  HUVECs)  were  grown  in 
EGM-2  medium  (Clonetics).  Tumour  cell  lines  (LLC,  D54,  SQ-20B  and  PC3) 
were  grown  as  described.  To  account  for  radiation  killing,  increasing  numbers 
of  cells  (102  to  5  X  104)  were  plated  in  100-mm  tissue- culture  dishes.  Eighteen 
hours  after  plating,  angiostatin  was  added  at  concentrations  of  10  ngmT1  and 
lOOngmT1.  Four  hours  later,  cells  were  irradiated  with  doses  of  0-900  cGy 
using  a  GE  Maxitron  X-ray  generator  operating  at  250  kV,  26  mA,  with  a 
0.5  mm  copper  filter,  at  a  dose  rate  of  1 18  cGy  min-1.  Cultures  were  returned  to 
the  incubator  for  14-17  days,  after  which  they  were  stained  with  crystal  violet, 
colonies  were  counted,  and  the  surviving  fraction  was  determined.  Colonies 
containing  >50  cells  were  scored  as  positive. 

Statistical  analysis.  Statistical  significance  was  determined  using  one-way 
analysis  of  variance  (ANOVA)  or  the  Kruskal- Wallis  test. 
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Abstract 

Angiostatin,  a  proteolytic  fragment  of  plasminogen,  inhibits  the  growth 
of  primary  and  metastatic  tumors  by  suppressing  angiogenesis.  When 
used  in  combination  with  ionizing  radiation  (IR),  angiostatin  demon¬ 
strates  potent  antitumor  synergism,  largely  caused  by  inhibition  of  the 
tumor  microvasculature.  We  report  here  the  temporal  interaction  of 
angiostatin  and  IR  in  Lewis  lung  carcinoma  (LLC)  tumors  growing  in  the 
hind  limbs  of  syngeneic  mice.  Tumors  with  an  initial  mean  volume  of 
510  ±  151  mm3  were  treated  with  IR  alone  (20  Gy  x  2  doses  on  days  0  and 
1),  angiostatin  alone  (25  mg/kg/day  divided  twice  daily)  on  days  0  through 
13,  or  a  combination  of  the  two  as  follows:  (a)  IR  plus  angiostatfai  (days  0 
through  13);  (6)  IR  plus  angiostatin  (days  0  and  1);  and  (c)  IR  followed  by 
angiostatin  beginning  on  the  day  after  IR  completion  and  given  daily 
thereafter  (days  2  through  13).  By  day  14,  tumors  in  untreated  control 
mice  had  grown  to  6110  ±  582  mm3,  whereas  in  mice  treated  with:  (a)  IR 
alone,  tumors  had  grown  to  2854  ±  338  mm3  (P  <  0.05  compared  with 
untreated  controls);  and  (b)  angiostatin  alone,  tumors  had  grown  to 
3666  ±  453  mm3  (P  <  0.05  compared  with  untreated  controls).  In  com¬ 
bined-treatment  groups,  in  mice  treated  with:  {a)  IR  plus  longer-course 
angiostatin,  tumors  reached  2022  ±  282  mm3  (P  =  0.036  compared  with 
IR  alone);  (b)  IR  followed  by  angiostatin,  tumors  reached  2677  ±  469  mm3 
( P  >  0.05  compared  with  IR  alone);  and  (c)  IR  plus  short-course  angiosta¬ 
tin,  tumors  reached  1032  ±  78  mm3  ( P  <  0.001  compared  with  IR  alone). 
These  findings  demonstrate  that  the  efficacy  of  experimental  radiation 
therapy  is  potentiated  by  brief  concomitant  exposure  of  the  tumor  vascu¬ 
lature  to  angiostatin. 

Introduction 

Tumor  cells  express  pro-angiogenic  factors  that  include  vascular 
endothelial  cell  growth  factor  ( l ),  basic  fibroblast  growth  factor  (2), 
and  certain  angiogenesis-promoting  peptides  (3).  Experimental  evi¬ 
dence  from  transgenic  mouse  models  suggest  that  angiogenesis  is 
necessary  early  in  tumor  development  (4,  5).  The  angiogenic  “switch** 
hypothesis  is  based  on  a  change  in  the  balance  between  pro-  and 
anti-angiogenic  factors  toward  a  pro-angiogenic  state  as  being  essen¬ 
tial  to  tumor  progression  {3,  5).  Further  support  for  the  importance  of 
angiogenesis  in  human  tumor  progression  comes  from  correlations  of 
increasing  tumor  vascularity  with  more  aggressive  clinical  behavior  in 
human  tumors  (6)  and  the  demonstration  that  pro-angiogenic  factors 
are  up-regulated  during  tumor  progression  (3.  4,  7). 

Inhibition  of  angiogenesis  has  emerged  as  a  promising  strategy  to 
treat  both  primary  and  metastatic  tumors  by  shifting  the  balance  from 
a  pro-angiogenic  toward  an  anti-angiogenic  state  (3,  4,  7).  Strategies 


Received  W I /9H:  accepted  10/27/M. 

The  costs  of  publication  of  this  article  were  Jet  rayed  in  pan  by  the  payment  of  page 
charceN  This  antcle  must  therefore  be  hereby  marked  advvrn.\ement  in  accordance  with 
IS  l j  S  ('.  Section  I7.U  solely  to  indicate  this  fact. 

1  Supported  in  pan  hy  National  Cancer  Institute  Grant  (*A42S%. 

■  Co  whom  requests  for  reprints  should  be  addressed,  at  Dcpunmeni  of  Radiation  and 
Cellular  Oncology.  University  of  Chicago,  5K4I  South  Maryland  Avenue.  Chicago,  IL 
<>Ob.l7  Phone:  <77li  702-OHI7;  Fax:  1 773 1  H34.72.ll;  K-muil.  rrwhwrover.uehicago.edu, 


using  monoclonal  antibodies  or  soluble  receptors  to  pro-angiogenic 
cytokines  such  as  vascular  endothelial  cell  growth  factor  show  prom¬ 
ise  in  inhibiting  tumor  growth  in  experimental  models  (8-1 1).  Also, 
antisense  strategies  targeting  basic  fibroblast  growth  factor  and  its 
receptor  have  demonstrated  antitumor  effects  (2).  Recently,  AS3  and 
endostatin,  enzymatic  cleavage  products  of  plasminogen  and  collagen 
type  XVIII,  respectively,  have  been  isolated  from  tumor-bearing  mice 
(12,  13).  AS  is  generated  from  plasminogen  by  enzymatic  activity 
derived  from  the  tumor  itself  (14-16)  or  from  host  macrophages 
infiltrating  the  tumor  (17).  Treatment  with  AS  or  endostatin  causes 
significant  tumor  regression  and  can  cause  tumor  dormancy  in  mouse 
tumor  model  systems  (18, 19).  Recently,  it  has  been  reported  that  gene 
transfer  of  a  cDNA  encoding  the  AS  peptide  in  a  viral  vector  can 
inhibit  tumor  growth  (20,  21).  Importantly,  these  anti-angiogenic 
proteins  exhibit  no  detectable  toxicity  in  experimental  animals  (12, 

13). 

Anti-angiogenic  proteins,  although  effective  at  shrinking  tumors, 
are  not  tumoricidal.  Tumor  regrowth  frequently  occurs  once  treatment 
with  the  angiogenesis  inhibitor  is  terminated  (18,  19).  One  strategy  to 
overcome  this  therapeutic  limitation  is  to  combine  angiogenesis  in¬ 
hibitors  with  cytotoxic  therapies.  In  this  context,  we  recently  com¬ 
bined  AS  with  IR  and  demonstrated  a  marked  increase  in  antitumor 
effects  (22).  Here,  we  report  that  there  is  a  temporal  interaction 
between  AS  and  IR.  AS  delivered  concomitantly  with  IR  for  2  days  is 
as  effective  at  suppressing  primary  tumor  growth  as  a  14-day  course 
of  AS  administration  combined  with  an  identical  course  of  IR.  By 
contrast,  AS  is  not  as  effective  if  delivered  after  IR.  Taken  together 
with  previous  data  demonstrating  that  AS  and  IR  fail  to  exhibit  an 
interactive  killing  effect  in  tumor  cells  (22),  these  data  suggest  that  AS 
and  IR  interact  primarily  on  the  tumor  microvessels.  This  finding  is 
especially  important  in  that  adequate  supplies  of  AS  are  not  yet 
available  for  prolonged  human  administration. 

Materials  and  Methods 

Cell  Lines  and  Cell  Culture.  LLC  cells  (low  metastatic  strain.  LM),  a  gift 
of  J.  Folkman  (Dept,  of  Surgery,  Children’s  Hospital,  Harvard  Univ.  Medical 
School,  Boston,  MA;  Ref.  12).  were  grown  at  37°C  in  7%  C02  in  DMEM  with 
107c  heat-inactivated  (56°C  for  20  min)  fetal  bovine  serum.  Cells  were 
subcultured  no  more  than  ten  times  before  being  used  in  animal  experiments. 

Animals  and  Tumor  Model.  Eight-week-old  female  C57BL/6  mice  (Fre¬ 
derick  Cancer  Research  Institute.  Frederick.  MD)  were  housed  in  accordance 
with  the  University  of  Chicago’s  institutional  guidelines.  Depending  on  the 
experimental  protocol,  5  x  10*  to  2  x  106  cells  suspended  in  PBS  were 
injected  s.c.  into  the  right  hind  limb.  Tumors  were  allowed  to  attain  a  volume 
of  approximately  500  mm'  when  treatment  with  either  AS,  IR.  or  a  combina¬ 
tion  of  the  two  was  begun.  All  of  the  experiments  were  replicated  a  minimum 
of  two  times. 


*  The  .ihbrevialums  u^cd  are:  AS.  angiosialin.  IR.  ionizing  radiation;  LLC.  Lewis  lung 
carcinoma. 
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■  Tumor  volume  was  estimated  by  direct  measurement  and  then  calculated 
using  the  formula  for  the  volume  of  an  ellipsoid,  as  described  previously  (22). 
Measurements  were  made  three  times  a  week  tor  the  duration  of  the  experi¬ 
ments.  Depending  on  the  experiment,  five  to  eight  mice  were  assigned  to  each 
experimental  group  on  day  0.  Because  of  tumor  burden,  usually  three  to  five 
mice  per  group  remained  at  the  conclusion.  At  various  time  points,  mice  were 
anesthetized  using  Metafane  inhalation  and  killed  by  cervical  dislocation  to 
obtain  tissue  for  histology. 

Tumor  Irradiation.  Mice  were  irradiated  using  a  CE  Maxitron  X-ray 
generator  operating  at  1 50  kV,  30  mA,  using  a  l  -  mm  aluminum  filter  at  a  dose 
rate  of  188  cGy/min.  Mice  were  shielded  with  lead  except  for  the  tumor¬ 
bearing  right  hind  limb.  The  specific  dosage  and  schedule  for  rR  exposure  is 
described  when  that  experiment  is  discussed. 

AS  Production  and  Dotage.  Human  AS  was  generated  from  human  plas¬ 
minogen  as  described  previously  (15).  AS  was  suspended  in  PBS  and  admin¬ 
istered  as  i.p.  injections  twice  daily  at  a  total  dose  of  25  mg/kg/day  (0.5  mg/day 
per  mouse)  or  50  mg/kg/day  (1  mg/day  per  mouse).  The  duration  of  AS 
treatment  and  its  administration  relative  to  radiation  therapy  is  described  for 
each  individual  experiment. 

Data  Analysis.  Mean  tumor  volumes  for  each  experimental  group  £  the 
SE  were  calculated.  Differences  between  treatment  groups  were  determined  by 
a  one-way  ANOVA  using  the  SigmaStat  2.0  statistics  software  package  (Jandel 
Scientific).  Differences  between  individual  pairs  of  treatment  groups  were 
determined  using  Student’s  t  test.  Differences  between  treatment  groups  were 
considered  statistically  significant  when  P  =  0.05. 

Results  and  Discussion 


Fig.  2.  The  effect  on  tumor  growth  of  differing  AS  dosages  combined  with  IR.  Mice 
bearing  LLCs  in  their  hind  limbs  were  treated  with  varying  combinations  of  IR  and  AS. 
IR  was  administered  as  two  doses  of  20  Gy  oo  days  0  and  I.  AS  was  administered  at  a 
dose  of  either  25  mg/kg/day  or  50  mg/kg/day  on  days  0  through  13.  Mean  tumor  volume 
on  day  0  was  499  ±  IBS  mm3.  Q  untreated  controls:  0 .  IR  alone;  O,  AS  at  25  mg/kg/d; 
•,  IR  +  AS  at  25  mg/kg/d;  A,  AS  at  50  mg/kg/d:  A.  IR  +  AS  at  50  mg/kg/d. 


Effect  of  AS  Dose  on  LLC  Growth.  To  characterize  the  effects  of 
human  AS  alone  on  LLCf  we  tested  two  different  doses,  25  mg/kg/day 
and  50  mg/kg/day.  divided  twice  daily  (Fig.  1).  Untreated  controls 
received  PBS.  Neither  of  the  two  doses  caused  shrinkage  or  growth 
arrest  of  these  primary  tumors,  which  are  large  compared  to  the 
tumors  used  in  earlier  investigations  of  the  effects  of  AS  on  LLC 
growth  (12,  18,  19).  By  day  9,  the  difference  between  tumor  volumes 
in  the  untreated  control  group  and  the  group  receiving  25  mg/kg/d  of 
AS  was  statistically  significant  ( P  =  0.033),  as  was  the  difference 
between  untreated  controls  and  those  receiving  50  mg/kg/d  of  AS 
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9 

Days  after  treatment  start 


Fiil.  1  The  effect  of  different  doses  of  AS  on  the  growth  of  LLCs  implanted  in  the  hind 
hmhs  of  mice.  Mice  bearing  LLCs  in  their  right  hind  limh  imean  volume  =  499  z  188 
mmli  were  treated  with  AS  at  a  dose  of  either  25  mg/kg/day  or  50  mg/kg/day.  and  the 
growth  o|  the  tumors  was  measured  relative  to  their  inm.il  volumes  at  days  4  and  9  after 
treatment  began.  At  day  ‘>.  the  difference  between  tumor  volumes  in  the  untreated  control 
group  and  ihe  group  receiving  AS  at  25  mg/ke/day  was  statistically  significant 
if*  '  till U i,  .,s  was  the  difference  between  tumor  volumes  m  the  untreated  controls  and 
'he  group  leceivim*  AS  at  50  mg/kg/day  fP  ~  f).(X)2i,  hut  mi  these  experiments.  AS  at  50 
m^/knAlay  did  not  produce  statistically  significantly  more  tumor  volume  reduction  than 
AS  at  25  mu/knAJay  (P  0  27>. 


group  ( P  =  0.002).  There  was  no  significant  difference  in  tumor 
volume  between  the  two  groups  receiving  different  doses  of  AS. 

Effect  of  Combined  Therapy  with  ER  and  AS  on  LLC  Growth. 
Next  we  investigated  the  effect  of  combining  IR  with  these  two 
different  doses  of  AS.  In  initial  studies,  we  treated  LLC  tumors  with 
differing  dose  schedules  of  IR  to  define  a  regimen  that  produced 
growth  delay  (data  not  shown).  Because  the  LLC  is  a  rapidly  growing 
tumor  that  can  increase  in  volume  10-fold  within  14  days,  we  chose 
a  regimen  with  two  IR  fractions  consisting  of  20  Gy  given  on  each  of 
the  first  2  days  of  the  experiment.  Mice  were  treated  either  with  AS 
alone  at  doses  of  25  or  50  mg/kg/d  for  the  duration  of  the  experiment 
or  with  IR  alone  at  a  dose  of  40  Gy  given  as  two  20  Gy  doses  on 
consecutive  days.  (Fig.  2.)  The  combination  of  AS  and  IR  was  more 
effective  as  an  antitumor  therapy  than  either  of  the  therapies  alone, 
although  there  was  no  significant  difference  between  IR  plus  25 
mg/kg/day  AS  and  IR  plus  50  mg/kg/day  AS.  For  experiments  inves¬ 
tigating  the  temporal  interaction  of  IR  and  AS,  we,  therefore,  used  the 
lower  dose,  25  mg/kg/day. 

IR  Plus  a  2-Day  Course  of  AS  Is  as  Effective  as  IR  Plus  a 
14-Day  Course  of  AS.  To  determine  whether  the  interactive  effect  of 
AS  and  IR  on  tumor  growth  inhibition  could  be  achieved  with  a  short 
concomitant  course  of  AS,  we  asked  which  temporal  sequence  of  AS 
relative  to  IR  is  most  effective:  (a)  IR  and  AS  administered  concom¬ 
itantly:  ib)  AS  administered  after  IR  is  completed:  or  (c)  IR  and  AS 
delivered  concomitantly,  with  AS  continued  after  IR  is  completed.  We 
hypothesized  that,  if  the  interaction  of  AS  with  IR  requires  the 
presence  of  AS  at  the  time  of  IR  administration,  then  there  should  be 
a  superior  antitumor  effect  when  AS  is  administered  concomitantly 
with  IR  than  when  AS  is  administered  after  the  completion  of  the 
course  of  IR. 

Mice  bearing  LLC  tumors  in  their  hind  limbs  were  treated  with 
combinations  of  IR  and  AS  at  a  dose  of  25  mg/kg/day  according  to  the 
following:  (u)  IR  (20  Gy  x  2  doses  administered  on  day  0  and  l )  plus 
a  long  course  of  AS,  which  was  administered  for  the  duration  of  the 
experiment  (days  0  through  1 3 )\ih)  IR  (20  Gy  x  2  doses  administered 
on  day  0  and  1)  plus  a  short  course  of  AS.  which  was  administered 
only  during  the  2  days  when  the  IR  was  administered  (days  0  and  I); 
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Fig.  3.  The  effect  on  tumor  growth  of  varying  the  timing  of  AS  doses  relative  to 
treatment  with  IR.  Mice  bearing  LLCs  in  their  hind  limbs  were  treated  with  varying 
combinations  of  IR  and  AS.  I R  and  AS  were  administered  either  alone  or  in  combination. 

(R  (20  Gy)  was  administered  on  days  0  and  1  for  a  total  of  40  Gy.  AS  was  administered 
at  a  dose  of  25  mg/kg/day  in  all  of  the  groups  receiving  AS.  Mean  tumor  volume  on  day 
0  was  510  ±  151  mm3.  See  text  for  further  comments.  Q  untreated  controls;  0,  radiation 
(20  Gy  on  days  0  and  I,  total  -  40  Gy);  O.  AS  for  14  days  (day  0  through  1 3);  A,  radiation 
(20  Gy  on  days  0  and  1.  total  =  40  Gy)  administered  concurrently  with  AS  for  two  days 
(day  0  and  1);  •,  radiation  (20  Gy  on  days  0  and  1.  total  »  40  Gy)  administered  with  AS. 
with  the  AS  continued  on  days  2  through  13  for  a  total  of  14  days  of  AS  (days  0  through 
13):  A.  radiation  (20  Gy  on  days  0  and  I,  total  *  40  Gy)  followed  by  AS  beginning  on 
the  day  after  IR  is  completed  (day  2)  and  continued  through  day  13. 

and  (c)  IR  (20  Gy  X  2  doses  administered  on  day  0  and  l )  followed 
by  AS  beginning  on  the  day  after  IR  and  continuing  for  the  duration 
of  the  experiment  (days  2  through  13).  These  experimental  groups 
were  compared  with  mice  treated  with  either  IR  alone  or  AS  alone  and 
to  untreated  controls  (Fig.  3.) 

By  day  9,  from  an  initial  volume  of  510  ±  151  mm3,  tumors  in  the 
untreated  control  mice  had  grown  to  3 123  £  195  mm3;  in  the  IR-alone 
group  to  1491  £  135  mm3  (P  <  0.05  relative  to  untreated  control); 
and  in  the  AS-alone  group  to  2357  £  194  mm3  (P  >  0.05  relative  to 
untreated  control).  By  day  9  of  treatment,  in  the  combined-treatment 
groups,  tumors  treated  with  IR  plus  continuous  AS  reached  a  volume 
of  932  £  165  mm3  (P  <  0.05  relative  to  IR  alone);  in  the  group 
receiving  IR  followed  by  days  2  through  13  of  AS,  1480  £  259  mm3 
( P  >  0.05  relative  to  IR  alone,  not  significant);  and  in  the  group 
receiving  IR  plus  2  days  of  AS,  705  ±  81  mm3  (P  <  0.001  relative 
to  IR  alone).  By  day  14,  the  tumors  in  the  untreated  control  group  had 
achieved  a  mean  volume  of  61 10  ±  582  mm3;  IR  alone,  2854  ±  338 
mm3  (P  <  0.05  relative  to  untreated  control);  AS  alone,  3666  £  453 
mm'  (P  <  0.05  relative  to  untreated  control);  IR  plus  short-course  AS, 
1032  £  78  mm'  {P  <  0.001  relative  to  IR  alone);  IR  plus  long-course 
AS.  2022  r  282  mm*'  (P  =  0.036  relative  to  IR  alone):  and  IR 
followed  by  AS,  2677  £  469  mm'  (P  >  0.05  relative  to  IR  alone). 

There  is  a  trend  toward  increased  tumor  regression  in  all  of  the 
experiments  in  the  IR-plus-short-course-AS  group,  even  when  com¬ 
pared  with  mice  receiving  IR  plus  long-course  AS,  although  the 
difference  is  not  statistically  significant.  The  observations  that  IR 
combined  with  a  short  concomitant  course  of  AS  is  more  effective  in 
causing  tumor  regression  than  a  longer  course  of  AS  administered 
after  IR  and  that  further  AS  administered  after  IR  combined  with 
concomitant  AS  does  not  improve  tumor  shrinkage  (Fig.  3)  demon¬ 
strate  a  temporal  requirement  for  the  interaction  of  AS  and  IR. 

Inhibition  of  tumor  angiogenesis  provides  a  therapy  directed  at  a 
target  common  to  the  growth  and  metastasis  of  all  tumors,  regardless 
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of  histological  type  (3,  7).  Studies  of  endogenous  inhibitors  of  angio¬ 
genesis  such  as  AS  and  endostatin  demonstrate  potent  antitumor 
effects  in  murine  tumor  models  ( 12,  13,  18.  19).  Because  these  agents 
are  not  tumoricidal,  primary  treatment  of  malignancies  with  anti- 
angiogenic  agents  may  require  lifelong  therapy.  We  previously  re¬ 
ported  that  such  limitations  might  be  overcome  by  a  strategy  of 
combining  AS  with  a  cytotoxic  agent  (22).  Although  the  combination 
of  IR  and  AS  produced  more  tumor  volume  reduction  in  the  com¬ 
bined-treatment  group,  the  dosing  schedule  we  tested  required  rela¬ 
tively  large  quantities  of  AS. 

Our  results  support  an  interaction  between  IR  and  AS  in  tumor 
growth  inhibition  that  occurs  only  during  IR  treatment  and  is  depend¬ 
ent  upon  the  action  of  AS  on  tumor  blood  vessel  endothelium  at  the 
time  IR  is  administered.  This  interaction  does  not  occur  unless  AS  is 
present  at  the  time  of  IR  administration,  and  tumor  volume  shrinkage 
is  not  increased  by  the  continuation  of  AS  treatment  after  rR  has  been 
completed  (Fig.  3).  AS  does  not  affect  the  exponential  growth  of  LLC 
in  vitro  (data  not  shown).  Also,  AS  does  not  increase  the  killing  of 
LLCs  by  IR  in  cionogenic  killing  assays  but  does  enhance  vascular 
endothelial  cell  killing  by  IR  (22).  These  observations,  when  com¬ 
bined  with  the  present  study  demonstrating  a  distinct  temporal  inter¬ 
action  between  IR  and  AS,  suggest  that  the  combination  of  AS  and  ER 
does  not  target  the  tumor  itself  but,  instead,  targets  the  tumor  blood 
vessels.  Furthermore,  the  observation  that  additional  treatment  with 
AS  beyond  a  brief,  concomitant  exposure  of  the  tumor  to  AS  and  a 
cytotoxic  agent  such  as  IR  produces  no  additional  benefit  in  tumor 
regression  is  important  because  it  suggests  that  limited  AS  supplies 
may  be  most  effectively  and  efficiently  used  in  combination  with 
cytotoxic  therapies  such  as  IR,  rather  than  as  a  primary  therapy.  These 
results  suggest  a  new  approach  in  the  design  of  clinical  trials  with  AS 
and  other  anti-angiogenic  agents. 
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Blockade  of  the  Vascu.ar  Endothe.ia.  Growth  Factor  Stress  Response  Increases  the 
Antitumor  Effects  of  Ionizing  Radiation1 

.  •  .  r\  p  Talvin  Helena  J.  Mauceri,  Rabih  M.  Salloum, 

David  H.  Gorski.  Michael  A.  Beckett’ N°r“  T  Jaf,  ^'ponald  W.  Kufe,  and  Ralph  R.  Weichselbaum2 
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vasculature  represents  a  potential  target  for  a  strategy  to  enhance 
IR-induced  antitumor  activity. 

In  the  present  study,  we  demonstrate  that  exposure  of  LLC  and 
human  tumor  xenografts  to  1R  is  associated  with  induction  ot  V  EGF 
exorcssion.  We  also  show  that  blocking  the  acuon  ot  this  IR-mediated 
increase  in  VEGF  using  neutralizing  anti-VEGF  antibodies  results  in 
increased  endothelial  cell  killing  by  IR  and  produces  greater  than 
additive  antitumor  effects  in  murine  tumor  model  systems.  These 
findings  support  a  model  in  which  induction  of  VEGF  by  IR  contrib¬ 
utes  tb  the  protection  of  tumor  blood  vessels  from  radiation-mediated 
cytotoxicity  and  thereby  to  tumor  radioresistance,  suggesting  that  an 
effective  use  of  anti-VEGF  antibodies  in  clinical  antitumor  therapy  is 
in  combination  with  a  cytotoxic  therapy  such  as  IR. 


Abstract 

The  family  of  vascular  endotheUal  growth  factor  (VEGF)  proteins 

include  potent  and  specific  mitogens  for  ^.^^“‘v^F^nduc^i 

function  in  -1.S-g.dve 

Thfe^otor  blocfc  the  growth  of  primary  and  metastatic  experimen- 
soluble  receptor,  blocks  the  g  H  .  induced  in  Lewis  lung 

Sn  human  tumor  cell  ^^^o^ 

2T5  ft-- 

VEGF  oroduction  is  supported  by  our  finding  that  treatment  of  tumor- 
.  -ino^mice  (LLC  Seg-1,  SQ20B,  and  US7)  with  a  neutralizing  antibody 

killing  of  human  umbiUcal  vein  endothelial  cells,  and  the  anti-VEGF 
treatment  potentiates  IR-induced  lethality  of  human  umbUicri * 
theUal  cells.  Neither  recombinant  VEGF  protein  nor  neutralizing  antilmdy 
to  VEGF  affects  the  radiosensitivity  of  tumor  cells.  These  findings  support 
ft ^££2*-  —  VEGF  by  IR 

of  tumor  blood  vessels  from  radiation-mediated  cytotoxicity  an  y 

to  tumor  radio  resistance. 

Introduction 

Tumors  influence  the  surrounding  host  stroma  by  inducing  angio¬ 
genesis  to  supply  their  oxygen  and  nutrient  needs.  In  normal  ussues 
angiogenesis  is  tightly  regulated  by  the  balance  between  angtogemc 
and  antiangiogenic  factors  (1).  One  of  the  most  important  angiogenic 
proteins.  VEGF.5  is  expressed  by  diverse  human  tumors  (2-4).  Evi¬ 
dence  for  the  importance  of  VEGF-induced  angiogenesis  in  tumor 
growth  includes  the  observation  that  inhibition  of  VEGF  action  by 
neutralizing  antibodies  or  a  dominant- negative  soluble  receptor  blocks 
the  growth  of  primary  and  metastatic  experimental  tumors  (5-9)  and 
that  in  a  mouse  fibrosarcoma  model,  disruption  of  tumor-specifi 
VEGF  expression  results  in  decreased  tumor  growth  and  vascularity, 
as  well  as  increased  tumor  cell  apoptosis  (10).  Moreover,  it  has  been 
observed  that  scrum  VEGF  levels  are  elevated  in  certain  patients  with 
malignant  tumors  after  radiation  therapy  (II).  These  observations 
suggest  that  the  paracrine  relationship  between  the  tumor  and  . 
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Materials  and  Methods 

Cell  Culture.  LLC  cells  (a  gift  of  J.  Folkman)  and  SQ20B  cells  were 
maintained  as  described  previously  (12.  13).  HUVECs  were  maintained  tn 
EGM-2  medium  (aonetics).  U87  and  T98  human  ghobl^toma  cells  were 
maintained  in  RPMI  1640  (Life  Technologies.  Inc.)  +  *°*  anter® 

01  melanoma  ceUs.  DMEM  (75%)  +  F12  (25%)  +  10%  TOS:  Seg-1  esoph¬ 
ageal  adenocarcinoma  cells  (a  gift  of  D.  Beer.  Ref.  14).  DMEM  +  1« ’  ^ 
Tumor  Models  and  Administration  oHR.  To  establish  tumors.  LLC  ceLs 
were  injected  s.c.  into  the  right  hind  limb  (1  x  10*  cells  in  PBS)  of  C57BL/6 
female  mice  (Frederick  Cancer  Research  Institute).  To  establish  human nimor 
xenografts.  SQ20B  human  squamous  cell  carcinoma  ceUs  (Ref.  5. 

Seg-1  esophageal  adenocarcinoma  ceUs  (Ref.  14;  3  x  10  ).  and  L87  gliob  as- 
toma  cells  (3  X  10s)  were  injected  s.c.  into  the  hind  limb  of  female  athymic 
nude  mice  (Frederick  Cancer  Research  Institute).  Tumor  volume  was  deter- 
mined  by  direct  measurement  with  calipers  and  calculated  by  the  formula 
(length  X  width  X  depth/2)  and  reported  as  the  mean  volume  =  SB.  as 
described  previously  (12.  13).  Tumors  were  allowed  to  attain  a  mean  size 
between  350-450  mm5  (LLC.  442  r  14  mm1:  SQ20B.  372  r  16  mm  .  Seg-t. 
407  -  ’0  mm1'  U87.  453  =  32  mm1),  after  which  mice  were  divided  into 
experimental  groups  and  treated.  Tumors  were  irradiated  using  a  GE  Maxiiron 
X-rav  generator  operating  at  150  kV,  30  mA.  using  a  1-mm  alum.num  filter  at 
a  dose  rate  of  188  cGy/min.  LLC  tumors  received  40  Gy  <20  Gy  on  days  0  and 
l );  SQ20B.  40  Gy  HO  Gy  on  days  0.  1.2.  and  3);  Seg-l.  20  Gy  (  y  on  ays 
5  1  i  jmi  !)•  and  L87. 40  Gy  (5  Gy  on  days  0.  1.4.  5.  7,  8.  1 1.  and  12).  Mice 
were  "shielded  with  lead  except  for  the  tumor-beanng  right  hmdhmb.  The  care 
and  treatment  of  animals  were  in  accordance  with  institutional  gu, defines 
Neutralizing  Antibodies  against  VEGF.  For  experiments  wuh  LLC  tu¬ 
mor*.  neutralizing  polyclonal  goal  antibody  (IgGl  against  recomb.nam  mouse 
VRGF-164  (R  &  D  Systems)  was  suspended  in  PBS  and  administered  via  .p. 
injection  (10  wj/mousc.  3  h  before  each  IR  fraction).  For  experiments  with 
human  tumor  xenografts,  a  neutralizing  monoclonal  antibody  to  recombinant 
human  VKGF-165  <R  &  b  Systems)  was  used  (10  a-g/mouse.  3  h  betore  c^ 
IR  fraction i  Control  mice  in  experiments  with  l.l.C  and  human  tumor  xe¬ 
nografts  received  nom.mmine  goat  IgG  « Sigma,  or  mouse  IgG  .  Sigma),  rc- 
spectivcly  Monoclonal  ant.  VliGF  anubiKly  was  used  for  most  ,n  v„r„  expe  - 
i munis  with  HUVIX's.  hut  in  some  ,«  vuru  experiments,  a  polyelona  g 
anti  liu man  VUGIMf,5  neu.ral./.ng  anubiHly  .K  A  tt  Systems,  was  used. 
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Measurement  of  VEGF  Levels  in  Tumor  Extracts  and  Conditioned 
Media.  Tumor  extracts  were  prepared  by  homogenizing  tumors  m  a 
containing  150  mM  NaCl.  10  raw  Tris.  5  mM  EDTA.  0  5%  Tnton  X-100.  Md 
1  dithiothreitol  (pH  7.5).  50  PMSF.  1  mM  leupepun.  and  mM 
aprotinin.  The  homogenate  was  subjected  to  three  freeze-thaw  cycles  n  hqmd 
nitrogen  to  lyse  cells  and  then  spun  a,  5000  x  g  at  4»C  »  Pelht  *bn 
levels  were  measured  in  tumor  extract  supernatants  by  ELISA  (R  &  D 
Svstemsi  VEGF  levels  were  normalized  to  total  extract  protein  concentration 
as  measured  by  Lowry  assay  and  expressed  as  pg  VEGF/mg  total  exnact 
protein.  For  in  wire  studies,  cells  were  plated  in  stx-well  plat«  flowed  to 
attach  overnight,  and  exposed  to  IR.  At  vanous  lime  points.  VEGF  levds  in 
conditioned  media  were  measured  by-ELISA  and  normalized  to  cell  number  in 
each  well 

Northern  Blots.  Total  RNA  was  isolated  from  cultured  cells  and  tumor 
tissue  by  the  guanidine  thiocyanate  method  (16)  using  Tnzol  LS  (Life  Sci¬ 
ences.  Inc.).  Twenty-five  of  total  RNA  was  fractionated  on  1.2%  agarose 
eels  containing  formaldehyde  and  blotted  onto  nylon  membranes.  thM  hybrtd- 
ized  with  a  j:P-labeled  cDNA  probe  encoding  human  VEGF  (17).  Hybridiza¬ 
tions  were  carried  out  at  60»C  in  0.5  M  sodium  phosphate  (pH  7.0).  7%  sodium 
dodecyl  sulfate.  1  mM  EDTA.  and  1%  bovine  serum  albumin  (18).  and  blots 
were  washed  to  a  stringency  of  0.2X  SSC.  After  autoradiography,  blots  were 
stripped  of  probe  and  rehybridized  to  a  labeled  cDNA  encoding  rat  glyceral- 
dehyde-3-phosphate  dehydrogenase  to  demonstrate  message  integrity. 

MTT  Assays.  HUVECs  were  plated  (1  X  103  cells/weU  in  96  well  plates) 
in  EGM-2  media  (Clonetics)  containing  2%  fetal  calf  serum  aid  allowed  to 
attach  overnight.  Medium  was  replaced  with  EGM-2  plus  2%  ft dal 
containing  different  concentrations  of  recombinant  human  VEGF- 165  (R  *  D 
Systems).  In  other  experiments,  the  concentration  of  VEGF- 165  was  kept 
constant  (10  ng/ml).  and  either  a  neutralizing  polyclonal  or  monoclonal  anu- 
hurnan  VEGF-165  antibody  (R  &  D  Systems)  was  added  before  treatment  with 
IR  Ninetv-six  h  after  IR.  ceUs  were  pulsed  with  MTT  (Sigma:  Ref.  19)  at  0.5 
mg/ml  culture  volume  for  4  h.  after  which  the  medium  was  removed,  and  the 
dye  was  solubilized  in  dimethyl  sulfoxide.  Except  where  otherwise  noted,  the 
dose  of  IR  used  was  10  Gy.  Absorbance  was  measured  at  515  nm  and 
normalized  to  untreated  control  cells  by  the  following  equation: 

A  —  An 


where  P  is  the  proliferation  relative  to  control.  A  is  absorbance  at  515  nm 
«A,„).  A0=  A513  at  r  =  0  h.  and  Acomro,  =  A313  for  control  ceUs  (unirradiated, 
grown  in  10  ng/ml  VEGF-165). 

Clonogenic  Assays.  Clonogenic  assays  were  performed  as  described  pre- 
viouslv  (13).  Briefly.  HUVECs  and  LLCs  were  plated  in  EGM-2  medium. 
Eighteen  h  after  plating.  HUVEC  medium  was  replaced  with  serum-free 
medium  containing  no  bFGF.  to  which  a  defined  amount  (0-100  ng/ml)  of 
recombinant  VEGF-165  (R  &  D  Systems)  had  been  added.  Four  h  later,  cells 
were  irradiated  with  doses  of  0-1000  cGy  using  a  cobalt  source  Cells  were 
incubated  for  48  h.  after  which  medium  was  replaced  with  complete  EGM-2 
containing  10  ng/ml  VEGF.  After  14-17  days,  cells  were  stained  with  crystal 
violet.  Colonics  were  counted,  and  surviving  fractions  were  determined.  Col¬ 
onies  containing  >50  cells  were  scored  as  positive. 

Data  Analysis.  Statistical  significance  was  determined  using  one-way 
ANOVA  or  Student**  /  test,  as  appropriate. 

Results  and  Discussion 

We  examined  the  production  of  VEGF  hy  LLC  tumors  in  vivo 
alter  exposure  to  IR.  LLC  tumors  were  established  in  the  hindlimbs 
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Re  l  VEGF  levels  in  LLC  and  human  tumor  xenografts.  .4.  VEGF  mRNA  levels  in 
LLC  tumors  after  IR  exposure.  LLC  tumors  were  exposed  to  40  Gy  (two  20-Gy  fractions) 
Total  RNA  was  isolated  from  irradiated  tumors  and  probed  with  a  cDNA  encoding  human 
VEGF-165.  after  which  they  were  stripped  of  probe  and  repruhed  with  a  cDNA  to 
alvceraldchyde-J-phosphate  dehydrogenase  to  demonstrate  message  integrity.  Blots  from 
l  representative  experiment  are  displayed.  B.  VEGF  protein  levels  m  LLC  condoned 
medium  after  IR  exposure.  LLCs  were  plated  in  su-well  plates  at  25%  eeuBuawk 
allowed  to  attach  overnight,  and  then  irradiated  with  0.  5.  10.  or  20  Gy  Conditwned 
medium  was  collecied  every  24  h.  and  VEGF  levels  were  normalized  to  cell  number  A 
dose -dependent  increase  in  VEGF  secretion  was  observed  for  .dl  doses  ol  IR  (/>  <  04)3). 
■.  o  cGy:  I"  500  cGy:  «.  1000  cGv:  ■.  2000  cC.y  Dau  ore  presented  as  means:  Ban. 
SE  C  VEGF  espression  in  human  tumor  eell  lines.  Suhconlliicm  human  tumor  celts 
(Set- 1  esophageal  .idenocarcmoma.  S020II  squamous  cell  carcinoma,  t '  I  melanoma,  anu 
U87  and  P)X  gliiihlaslomal  were  exposed  to  10  try  <  ondiuoned  meilium  Imm  rad'3 
and  untmidiated  cells  was  collected  24  h  later  VHCH-  levels  m  eon.hl.oned  media i«« 
measured  hy  IU.ISA  and  normalized  lo  cell  number  An  I R. dependent  increase i  VEG 
secreuon  was  observed  in  each  cell  line:  Seg-I  >/’  -  0 O-l.  S<)-0  '  -  • 

(/>  •  0  02)  ill  i/‘  *  tl.tXFIl.  and  I  -’87  \P  »  IM8X8>|  No  VI-.< ,1 ^.,s  detectable  in  medium 
unconditioned  hv  cells.  ■.  no  IR.  '..  I (881  cGy  Data  are  presented  as  means,  ban.  »- 
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Fig.  2.  Effect  of  VEGF  blockade  before  treatment  with  IR  in  murine  tumors  s 


,  and  human  xenografts.  Tumor-bearing  mice  were  treated  with  neutralizing  anti- VEGF  antibody,  IR. 
.  .0 - - --  . .  -w.  ■.  control*  ♦  IR  alone:  A,  and* VEGF  andbody  alone;  •.  IR  combined  with  and- VEGF 

after  day  3  (P  <  0.02  forailday*).  5.  SQ20B  WM*  ««  »  before  each  fraction:  or  monoclonal  ^h-human 
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esophageal  adenocarcinoma  xenografts.  Mice  were  divided  into  experimental  groups  in  *  a/group)  ana  uwq  as  /WPrr  _ _ _ _ . 
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2.  and  J:  20  Gy  plus  monoclonal ; 
to  the  combined  treatment  group. 

D.  U87  glioblastoma  .vmogrulVt.  M.ce  were  <™ J™" f*£ZZ?l£*Z*  )l « ^noclonal'anti-human  VEGF-I6S  antibody  alone.  Results  are  repotted 

volume  of  453  =  32  mm>  There  was  a  stausttcally  significant  difference  between  the  IR  alone  and  combined  meatmen,  groups  for 

all  days  after  day  1  HP  <  0.05  for  ail  days). 


of  female  C57BL/6  mice  and  allowed  to  grow  to  a  volume  of 
5 1  o  r  1  1  mm5  (2.5%  body  weight).  They  were  then  irradiated  with 
20  Gy  on  days  0  and  1  and  harvested  at  days  2,  5,  or  14.  VEGF 
levels  in  extracts  from  control  tumors  remained  relatively  constant 
(46-90  pg/mg  total  proloin)  for  1 4  days  (Table  1 ).  By  contrast,  on 
day  2.  the  mean  VEGF  level  in  irradiated  tumors  was  increased 
more  than  3-fold  compared  Wth  that  in  unirradiated  tumors 


(234  ±  79  pg/mg  total  protein,  P  =  0.032).  The  mean  VEGF  level 
in  irradiated  tumors  remained  2.2-fold  higher  than  that  in  unirra¬ 
diated  tumors  at  day  14  ( 194  ±47  pg/mg  total  protein,  P  =  0.027). 
Plasma  VEGF  levels  remained  low  or  undetectable  in  both  control 
and  irradiated  animals  (daia  not  shown).  To  confirm  the  effects  of 
IR.  VEGF  mRNA  levels  were  assessed  in  the  same  tumors  by 
Northern  blot  analysis.  VEGF  transcripts  were  induced  3-fold  2 


i 


:\yim  vtm  r.i i lilts  ok  iowzi.v;  kaoiahon 

rjhle  :  HlJrci ../  ann -VECF  .ml .W  ■■'"■jin,  '>utuuum _ 

Fractional  tumor  volume  relative  lo  unuvjicil  conuol.% 


lunizing 

radiation 


Comhmcd 

(onpectcd)* 


Combined 

loMcrvcd) 


Observed/ 
ex  peeled4' 


Anu*VEGF 

.inubody 

0374 

0.778 

0.715 

1.000 


'  Obtained  by  d.v.d.ng  the  mean  volume  of  treated  tumor,  by  that  ol  untreated  Soronounced  than  additive  growth  mhib.uon, 

*  The  day  at  which  tumors  treated  with  both  anti-VEGF  and  IR  md?vfduaUy  to  vteld  the  fractional  tumor  volume  expected  if  the  effects  of  each 

'  Obtained  by  muluply.ng  the  fractional  tumor  volume,  obtained  by  each  treatment  modal.ty  mdivmuauy  . 

treatment  modality  were  additive.  , ’  hv  ,XD,c,.d  fractional  tumor  volume.  A  ratio  <  1  indicates  a  greater  than  addiuve  effect.  and  a  tauo  >  1  indicate, 

. , SS .»  uc  4U  -  «*>  i. *• 


days  after  exposure  to  IR  and  remained  elevated  for  14  days 

(Fig  14).  n 

To  determine  whether  IR  induces  VEGF  in  tumor  cells,  subconflu- 

ent  LLC  cells  were  exposed  to  different  doses  of  IR.  Conditioned 
medium  was  harvested  at  various  intervals  for  measurement  of  VEGF 
levels  by  ELISA.  VEGF  levels  in  LLC-conditioned  media  exhibited 
an  IR  dose-dependent  increase  within  24  h.  By  72  h,  VEGF  levels 
were  elevated  6-fold  over  control  in  media  from  LLC  irradiated  with 
->0  Gy  (Fig.  LB).  VEGF  expression  in  vitro  was  also  measured  in 
irradiated  human  tumor  cell  lines:  Seg-1  (esophageal  adenocarci¬ 
noma;  Ref.  14);  SQ20B  (a  radioresistant  squamous  cell  carcinoma 
line;  Ref.  15);  U1  (melanoma);  and  T98  and  U87  (glioblastoma). 
Under  basal  conditions,  these  tumor  cell  lines  secreted  widely  differ¬ 
ing  quantities  of  VEGF.  but  all  demonstrated  an  IR-dependent  in¬ 
crease  in  VEGF  production  within  24  h  of  treatment  with  10  Gy  (Fig. 
1C).  These  findings  demonstrate  that  IR  induces  VEGF  expression  in 
diverse  tumor  cell  types. 

To  determine  whether  induction  of  tumor  VEGF  secretion  by  IR 
affects  the  antitumor  response,  we  treated  LLC  tumors  with  neutral¬ 
izing  antibodies  against  murine  VEGF- 164  before  IR  exposure.  Fe¬ 
male  C57BLV6  mice  bearing  LLC  tumors  were  divided  into  experi¬ 
mental  groups  and  treated  as  follows:  IR  alone,  20  Gy  on  consecutive 
days  (40  Gy  total);  anti-VEGF  (10  /xg  3  h  before  each  fraction);  and 
IR  plus  anti-VEGF  (Fig.  14).  By  day  6,  consistent  with  previous 
observations  (5,  6,  8,  9),  treatment  with  anti-VEGF  alone  produced  a 
42.6%  reduction  in  tumor  volume  (796  ±  41  mm3;  P  =  0.004).  IR 
alone  produced  43.0%  reduction  (792  ±  30  mm3;  P  -  0.006). 
However,  the  combination  of  IR  and  anti-VEGF  resulted  in  a  78.0% 
reduction  (305  ±  58  mm3;  P  =  0.001  relative  to  IR  alone),  a  greater 
than  additive  effect. 

To  extend  these  findings  to  other  tumor  models,  we  combined 
neutralizing  anti-VEGF  antibody  with  IR  in  human  squamous  ceil 
carcinoma  and  esophageal  adenocarcinoma  xenografts.  Athymic  nude 
mice  bearing  radioresistant  human  head  and  neck  squamous  cell 
carcinoma  xenografts  (SQ20B;  Ref.  15)  were  treated  with  IR  and  a 
monoclonal  neutralizing  antibody  against  human  VEGF- 1 65.  SQ20B 
xenografts  were  treated  with  IR  alone  (40  Gy  administered  as  lour 
l()-Gy  fractions),  anti-VEGF  alone  (10  jxg  i.p.  3  h  before  each 
fraction),  or  combined  IR  and  anti-VEGF  (10  /xg  administered  3  h 
before  treatment  with  IR).  As  observed  for  LLC,  VEGF  blockade 
markedly  increased  the  efficacy  of  IR  in  inhibiting  tumor  growth  (Fig. 
2tf).  Next,  wc  examined  a  xenograft  model  for  a  human  esophageal 
adenocarcinoma.  Female  athymic  nude  mice  hearing  Seg-1  xenografts 
(U)  were  treated  with  IR  alone  (20  Gy  in  four  5-Gy  fractions). 
anti-VEGF  (10  ^xg  administered  3  h  before  each  fraction),  or  com¬ 
bined  therapy.  Again,  the  antitumor  effect  of  IR  was  enhanced  by 
anti-VEGF  (Fig.  20.  An  shown  for  LLC,  (he  antitumor  effects  of 
combined  therapy  were  greater  than  additive  in  both  human  xe¬ 
nografts  (Table  2 1. 


Finally,  to  determine  whether  this  combined  approach  is  effective 
against  a  tumor  that  secretes  large  quantities  ot  basal  and  IR-stimu- 
lated  VEGF,  we  treated  athymic  mice  bearing  U87  glioblastoma 
xenografts  with  combined  IR  (eight  5-Gy  fractions,  see  Materials  and 
Methods”)  and  ami- VEGF  therapy  (10  /xg  administered  3  h  before 
each  IR  fraction).  By  day  18,  anti-VEGF  produced  no  detectable 
tumor  growth  inhibition,  and  IR  alone  inhibited  tumor  growth  by 
68.8%  relative  to  untreated  controls  (Fig.  2D).  Combined  therapy, 
however,  produced  an  83.4%  inhibition  (P  =  0.046),  also  a  greater 
than  additive  effect. 

We  examined  tumor  volume  data  for  all  tumors  on  the  day  of 
maximum  tumor  regression  in  the  combined  treatment  group  relative 
to  the  tumor  regression  observed  on  the  same  day  for  groups  treated 
with  each  therapy  alone.  In  each  tumor  type,  the  effect  of  combined 
therapy  was  greater  than  addiuve  (Table  2)  beginning  early  in  treat¬ 
ment  (for  LLC,  day  3;  Seg-l,  day  6;  SQ20B,  day  12;  and  U87.  day  2) 
and  continued  for  the  course  of  the  experiment.  We  also  examined  \hc 
growth  data  in  terms  of  number  of  days  for  tumors  to  regrow  to  twice 
the  original  volume.  The  time  for  untreated  LLC  tumors  to  grow  to 
twice  their  initial  volume  was  2.6  ±  0.5  days.  IR  alone  produced  a 
growth  delay  of  4.0  ±  1.0  days,  whereas  anti-VEGF  delayed  growth 
to  twice  initial  volume  by  3.4  0.7  days.  However,  combined 

treatment  produced  a  greater  than  additive  growth  delay  (9.2  ±  1.4 
days,  P  —  0.02).  Even  greater  combined  effects  were  observed  for 
tumor  xenografts.  For  U87  xenografts,  time  to  tumor  volume  doubling 
was  2.4  —  0.6  days  and  was  delayed  1.1  —  0.3  days  by  IR  and  only 
0  3  —  0.1  days  by  anti-VEGF  alone.  However,  combined  treatment 
produced  a  growth  delay  of  9.0  r  4.3  days  (P  *  0.03).  Of  note,  of  the 
tumors  we  examined,  U87  glioblastoma  produced  the  most  VEGF  in 
vitro.  Similar  greater  than  additive  effects  of  a  magnitude  between  that 
observed  for  LLC  and  U87  were  observed  for  SQ20B  (P  =  0.003)  and 
Seg-1  xenografts  (P  =  0.00 1 ;  data  not  shown).  These  findings  dem¬ 
onstrate  that  blocking  the  effects  of  VEGF  enhances  the  tumoricidal 
effects  of  IR  in  diverse  tumor  models  of  human  malignancies  for 
which  IR  is  a  major  therapeutic  modality,  an  observation  that  may 
have  implications  for  human  therapy.  Importantly,  this  effect  was 
observed  using  a  dose  of  anti-VEGF  that  by  itself  had  little  to  no 
effect  on  tumor  growth,  indicating  that  even  a  slight  inhibition  of 
VEGF  action  can  result  in  a  marked  increase  in  the  antitumor  effect 
of  IR. 

To  investigate  the  mechanism  of  the  effects  observed  in  vivo  and 
assess  the  effects  of  VEGF  on  IR-mediatcd  killing  of  tumor  cells  and 
endothelial  cells  in  vitro .  wc  measured  the  survival  of  HUVECs  after 
exposure  to  IR.  The  effect  of  exogenous  VEGF  protein  on  IR- 
mediaied  cell  killing  of  HUVECs  was  assessed  by  MTT  proliferation 
assay  i  !‘>j  and  clonogcnic  assay  (13;  Fig.  3).  As  measured  by  MTT 
assay,  presentment  with  VEGF  protected  lILVEC.s  against  the  cyto 
toxic  effects  of  10  Gy  in  a  dose -dependent  fashion  (Fig.  34).  Clono- 
genie  survival  after  IR  was  also  increased  in  a  dose-dependent  fashion 


4 


i 


B 


500  1000 
Ionizing  radiation  doae  (cGy) 


=ig.  .V  EfTeet  of  manipulating  VEGF  level,  on 

trro  For  MTT  assayv  HUVEC,  were  plared  in  %-well  ■**>  *1 ‘  «f 
ted  wnh  etther  differing  concentration,  of  racombmant  ^ 

-human  VEGF- 165  antibody  before  exposure  to  IR.  and  abscxbance  jwmp 
k  jfor  ro  were  done  (see  M Materials  and  Methods  \  For  clooogenic  ^ 

VECs  were  treated  wtth  different  concentrations  of  VEGF  4  h  before 
Uerials  and  Method,").  A.  MTT  assay  for  HUVEC, 

ecombinanl  humm  VEGF- 163  4  h  before  fR  oeaunent  “^HGF  “  10 

maiued  u,  move  obtained  under  standanl  condition,  (no  IR  awm*"'  J"“  . 

mil.  fl  clonogenic  survtval  assay  to  HUVEC,  pmreaed  J°B  2fcM£ 

GF-163  r  300  and  1000  cGy  Surviving  (racoon  nnomwdued  (0  plaung ^fficreney  I 
matured  cells.  VEGF  pmrecual  ' » .  VF.Cs  .n»m  IR  mertoed  kribng  «  300  cGy^P  MB 

S' «. ,1*;;  i »  p.  "-s'-,*; 

(VB\  .tnd  S020H  cells  |WVtn:.iioi  with  munoclonal  Unu*VE//1*'1^  ^ 

ament  with  K«1  cOy  Aboutuncc  measurement,  were  laken  m  » 
mdired  to  those  .burned  wtth  m.  pretreaunent  wtth  anubody.  VEGF  *  10  ng/ml  for  bout 
1  type.  ♦,  SU20B.  X.  U.C.  Hl.VHCs. 


antitumor  effects  of  ionizin';  radiation 

when  VEGF  was  added  to  the  HUVEC  culture  medium  (Fig.  33).  By 
contrast,  adding  ant.-VEGF  to  the  culture  medium  before  IR  exposure 
decreased  HUVEC  proliferation  in  a  dose-dependent  fashion  (Fig. 

30  Neither  SQ20B  nor  LLC  proliferation  was  affected  by  VEGF  or 
ami  VEGF  (Fig  3C  and  data  not  shown).  These  results  demonstrate 
that  IR-induccd  VEGF  production  by  tumors  specifically  inhibits  the 
S  effects  of  IR  on  endothelial  cells,  and  that  blocking  VEGF 
action  increases  endothelial  cell  killing  by  IR.  The  effect  of  mampu- 
latin*  VEGF  levels  on  the  radiosensiuvity  ot  vascular  endothelial 
cells  m  vitro  is  on  the  order  of  3-4-fold  and  therefore  relatively 
modest  (Fie  3)  However,  the  observation  that  pretreatment  of  tumor¬ 
bearing  animals  with  neutralizing  antibody  against  VEGF  at  doses 
that  alone  are  insufficient  to  cause  significant  tumor  growth  inhibition 
before  exposing  tumors  to  IR  suggests  that  this  effect  is  biologically 

significant  in  vivo. 

IR  is  a  major  therapeutic  modality  that  is  primarily  effective  in  the 
treatment  of  relatively  small  tumors,  whereas  large  tumors  respond 
only  with  considerable  toxicity  to  normal  tissues.  Our  findings  dem¬ 
onstrate  that  IR  can  induce  VEGF  expression  by  experimental  tumors, 
and  that  this  VEGF  induction  may  represent  a  tumor  response  to 
radiation  stress.  Importantly,  blocking  the  effects  of  VEGF  production 
by  irradiated  LLC  and  human  tumor  xenografts  results  tn  greater  than 
additive  antitumor  effects  in  vivo  for  very  large  experimental  tumors 
(Fig  2  and  Table  2).  In  addition.  VEGF  abrogates  the  killing  of 
endothelial  cells  by  IR.  whereas  blocking  the  action  of  VEGF  in¬ 
creases  IR-induced  killing.  These  findings  support  a  model  in i  which 
the  disruption  of  the  paracrine  relationship  between  tumor  and  endo¬ 
thelium  enhances  the  efficacy  of  IR  in  killing  tumor  cells.  Our  present 
results,  combined  with  previous  results  showing  that  angiostann  and 
IR  also  produce  greater  than  additive  antitumor  effects  (12,  13), 
emphasize  the  potential  importance  of  combining  irradiation  with  an 
angiogenesis  inhibitor  because  the  tumor  cells,  tumor  stroma,  and 
their  interactions  are  targeted  by  this  combined  therapy.  Depriving  the 
tumor  endothelium  of  VEGF  may  thus  represent  an  important  strategy 
to  increase  the  antitumor  effects  of  IR  and  may  indicate  that  the  best 
use  of  antiangiogenic  therapy  is  in  combination  with  cytotoxic  anu- 
tumor  therapies  such  as  IR. 
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The  Molecular  Basis  for  Radiation-Inducible  Gene  Therapy 

Genetic  radiotherapy,  or  gene  therapy  targeted  by  ionising  radiation,  is  a  concept 
whereby  the  cDNA  encoding  a  cytotoxin  is  ligated  downstream  from  a  radiation- 
inducible  promoter.  Transcription  of  the  gene  encoding  the  cytotoxin  is  induced  after 
ionising  radiation  exposure.  The  early  growth  response  1  gene  (EGRITen codes  a  zinc- 
finger  transcription  factor  which  binds  to  the  DNA  sequence  CGCCCGC  (1,  2).  We 
reported  that  EGR1  is  transcriptionally  induced  after  exposure  to  ionising  radiation 

(3) .  Promoter  deletion  analysis  of  the  EGR1  promoter  elements  demonstrated  that  the 
first  three  5  CarG  boxes  are  the  most  important,  thereby  permitting  spatial  and 
temporal  regulation  of  cytotoxic  gene  expression  after  exposure  to  ionising  radiation 

(4) 

Tumour  necrosis  factor  a  (TNF)  is  a  multifunctional  cytokine  produced  principally 
by  activated  macrophages  and  lymphocytes  that  mediate  the  cellular  immune  response 

(5) .  TNF  also  has  important  roles  in  mediating  endotoxic  shock,  inflammation  and 
haemorrhagic  necrosis  of  transplanted  tumours  (6).  TNF  enhances  the  cell  killing 
produced  by  ionising  radiation  in  tumour  cells  both  in  vitro  and  in  vivo  (7-9).  A 
clinical  study  that  combined  systemically  administered  TNF  and  therapeutic  radiation 
demonstrated  promising  results  for  local  tumour  control.  However,  systemic  toxicity 
limited  the  therapeutic  efficacy  of  this  treatment  combination  (7.  10).  We  therefore 
proposed  that  localising  TNF  within  the  tumour  volume,  using  gene  therapy  combined 
with  radiotherapy,  might  eliminate  systemic  toxicity  (1 1). 

To  demonstrate  the  feasibility  of  this  gene  therapy  approach,  the  radiation- 
responsive  DNA  sequences  of  the  EGR1  promoter  were  ligated  upstream  to  the  cDNA 
of  human  TNF.  As  a  proof  of  principle,  the  EGR-TNF  construct  was  transfected  into 
HL525  human  leukaemia  cells.  When  SQ-20B  human  xenografts  growing  in  athymic 
nude  mice  were  directly  injected  with  HL525  .EGR-TNF  cells  and  exposed  to  ionising 
radiation,  significant  tumour  regression  and  cures  were  observed  (12). 


Adenoviral  Gene  Therapy  Txrt; 

We  selected  an  adenovirus  type  5  as  a  gene  delivery  vector  for  the  EGR-l 
construct.  Adenoviruses  are  capable  of  transferring  genes  to  nondividing  and  dividing 
cells,  rarely  integrate  DNA  into  the  genome  of  cells,  and  can  be  produced  in  hie 
titers  (13  14)  The  EGR-TNF  construct  was  inserted  in  place  of  the  Adi  early  ge 
and  most  of  the  Ad3  gene  to  create  the  Ad. EGR-TNF  vector.  This  vector  was  direcUy 
injected  into  SQ-20B  xenografts.  Treatment  with  Ad.EGR-TNF  alone  (2  x  10  • 

twice  weekly  for  two  weeks)  or  ionising  radiation  alone  (five  10-Gy  fract10"®  °  fdaV 
weeks  to  a  total  dose  of  50  Gy)  produced  tumour  regression  to  a  mean  of  3U*  t- 
28)  or  51%  (day  25)  of  the  original  volume,  respectively.  By  contrast,  the 
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tumour  volume  of  xenografts  treated  with  Ad.EGR-TNF  plus  50  Gy  was  reduced  to 
16%  of  original  volume  (day  38,  P  <  0.05).  By  day  60,  mean  tumour  volume  was 
reduced  by  90%  in  12  of  16  tumours  in  the  combined  treatment  group  (Ad.EGR-TNF 
+  50  Gy)  compared  with  ionising  radiation  alone  (10  of  23  tumours),  or  Ad.EGR-TNF 
alone  (5  of  16  tumours,  P  <  0.04).  No  regression  was  observed  in  tumours  treated  with 
Ad.null  (an  adenovirus  lacking  the  TNF  gene)  with  or  without  ionising  radiation.  No 
human  TNF  was  detected  in  the  serum  of  animals  treated  with  Ad.EGR-TNF  and  no 
animal  demonstrated  TNF  associated  cachexia.  A  slight  increase  in  oedema  and 
fibrosis  were  observed  in  hind  limbs  treated  with  combined  therapy,  but  no  loss  of 
mobility  or  skin  desquamation  was  observed  (15). 

Histopathology  of  Xenografts  Treated  with  Adenoviral  Gene  Therapy 

We  performed  microscopic  analysis  of  SQ-20B  xenografts  treated  with  Ad.EGR- 
TNF  (1  x  107and  1  x  107PFU)  and  ionising  radiation  (20  Gy,  delivered  as  four  5  Gy 
fractions).  Xenografts  growing  in  nude  mice  and  treated  with  Ad.EGR-TNF  or 
Ad.null  virus  with  and  without  ionising  radiation.  Tumours  were  excised  on  day  7  and 
scored  for  percentage  thrombosis/high-power  field.  A  significant  increase  in’ 
intratumoural  vascular  thrombosis  and  tumour  necrosis  was  seen  in  xenografts  treated 
with  Ad.EGR-TNF  and  ionising  radiation,  but  not  in  xenografts  treated  with  Ad.EGR- 
TNF  alone  or  ionising  radiation  alone  (P  =  0.0001).  We  also  examined  if  combined 
treatment  produced  thrombosis  that  was  selective  for  tumour  vessels  or  whether  the 
restriction  of  thrombosis  was  due  to  spatial  confinement  of  TNF  to  the  tumour 
volume.  Skeletal  muscle  in  the  hind  limbs  of  non-tumour-bearing  nude  mice  were 
injected  with  1  x  109  PFU  Ad.EGR-TNF  and  treated  with  20  Gy  (four  5-Gy  fractions). 
Despite  high  levels  of  TNF  (determined  by  ELISA)  no  vascular  thrombosis  was 
observed  in  skeletal  muscle  tissue  sections  (16). 

Mice  Treated  with  Anticoagulants  and  Adenoviral  Gene  Therapy 

To  determine  if  intratumoural  coagulation  and  thrombosis  were  essential 
components  of  the  antitumour  effects  after  combined  treatment  with  Ad.EGR-TNF 
and  ionising  radiation,  SQ-20B  tumour-bearing  mice  were  treated  with  anticoagulants 
throughout  treatment.  SQ-20B  tumour-bearing  mice  were  treated  with  ancrod 
(thrombin-like  enzyme  from  the  venom  of  the  Malayan  pit  viper,  Calloselasma 
rhodostoma)  diluted  in  saline.  Mice  were  injected  intraperitoneally  at  a  dose  of  3 
U/kg,  twice  weekly  for  two  weeks  to  coincide  with  Ad.EGR-TNF  injections.  A 
second  group  of  SQ-20B  tumour-bearing  mice  were  treated  with  coumadin  (Warfarin 
Sodium  for  Injection,  USP,  DuPont  Pharm,  Manati,  Puerto  Rico).  Coumadin  was 
diluted  in  saline  and  administered  by  gavage  at  a  dose  of  1.0  mg/kg,  twice  weekly  for 
-  weeks.  Prothrombin  times  were  monitored  in  a  separate  group  of  mice.  Xenografts 
were  injected  with  Ad.EGR-TNF  and  irradiated  with  50  Gy  as  in  previous 
experiments. 

The  pattern  of  tumour  regression  observed  in  animals  treated  with  anticoagulants 
'was  similar  to  that  reported  previously.  Furthermore,  in  animals  treated  with 
anticoagulants,  combined  treatment  with  Ad.EGR-TNF  +  ionising  radiation  produced 
a  50%  reduction  in  mean  tumour  volume  9  days  earlier  than  in  our  previously 
Published  studies  in  which  animals  were  not  treated  with  anticoagulants.  These 
findings  demonstrated  that  systemic  treatment  with  anticoagulants  did  not  reverse  the 
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antitumour  effects  after  treatment  with  Ad.EGR-TNF  and  ionising  radiation.  We 
concluded  that  TNF-mediated  thrombosis  of  the  tumour  vasculature  was  not  the  major 
antitumour  effect  of  combined  treatment  with  Ad.EGR-TNF  and  ionising  radiation. 

Treatment  with  Adenoviral  Gene  Therapy  Is  Associated  with  a  Decrease  in 
Tumor  Micro  vascular  Density 

Because  vascular  thrombosis  was  not  directly  related  to  the  antitumour  effects 
observed  after  combined  treatment  with  Ad.EGR-TNF  and  ionising  radiation,  we 
evaluated  the  effects  of  treatment  on  the  tumour  neovasculature. 
Immunohistochemical  analyses  were  performed  using  an  antibody  to  PEC  AM- 1 
(CD31),  a  protein  which  is  constitutively  expressed  on  the  surface  of  endothelial  cells. 
We  examined  representative  tissue  sections  from  SQ-20B  tumours  treated  with 
Ad.EGR-TNF  alone,  ionising  radiation  alone,  or  the  combination  of  Ad.EGR-TNF 
and  ionising  radiation.  Ten  high-power  fields  (400x)  were  counted  at  the  growing 
edge  of  the  tumour  immediately  adjacent  to  the  skeletal  muscle  and  skin.  When  we 
examined  tumours  from  animals  treated  with  Ad.EGR-TNF  and  ionising  radiation,  we 
found  a  marked  reduction  in  the  total  number  of  tumour  vessels  when  compared  with 
either  treatment  alone.  The  observation  of  a  marked  decrease  in  vascular  density  is 
similar  to  that  described  after  treatment  with  angiogenesis  inhibitors  (17,  18).  These 
findings  led  to  the  hypothesis  that  combined  treatment  with  Ad.EGR-TNF  and 
ionising  radiation  alters  tumour  angiogenesis,  in  part,  due  to  the  production  of 
antiangiogenic  factors. 

Treatment  with  Adenoviral  Gene  Therapy  Is  Associated  with  and  Elevations  in 
Plasma  Angiostatin  Levels 

Angiostatin,  a  cleavage  product  of  plasminogen,  was  first  isolated  from  the  blood 
and  urine  of  C57BL  mice  bearing  Lewis  lung  carcinoma  tumours  by  O’Reilly  and 
colleagues  (19).  It  has  been  demonstrated  that  angiostatin  inhibits  the  growth  and 
migration  of  endothelial  cells  in  vitro  and  the  growth  of  primary  and  metastatic 
tumour  in  mice  (19-21).  We  examined  if  TNF  adenoviral  gene  therapy  was  associated 
with  angiostatin  production  by  conducting  a  preliminary  study.  Nude  mice  bearing 
SQ-20B  xenografts  were  treated  with  Ad.EGR-TNF  alone  (2  x  108  PFU,  twice  weekly 
for  2  weeks),  ionising  radiation  alone  (five  10-Gy  fractions  for  2.5  weeks  to  a  tot 
dose  of  50  Gy),  the  combination  of  Ad.EGR-TNF  and  ionising  radiation,  or  untreate 
(controls).  At  day  22,  mice  were  sacrificed,  blood  was  collected,  and  plasma  was 
separated  for  Western  analysis.  We  found  that  mice  receiving  combined  treatmer. 
(Ad  EGR-TNF  and  ionising  radiation)  exhibited  elevated  plasma  angiostatin  leve 
compared  with  animals  treated  with  Ad.EGR-TNF  alone  and  ionising  radiation  alont 
These  data  suggest  that  our  gene  therapy  approach  target  both  the  tumour  cells  an 
tumour  vasculature  possibly  mediated  by  the  production  of  angiostatin.  Our  rec 
published  data  suggest  a  cytotoxic  interaction  between  ionising  radiation 
angiostatin  on  the  tumour  vasculature  (22). 

Summary  n  as  tb* 

Radiation-inducible  TNF  gene  therapy  attacks  the  tumour  cells  as  we  < 

tumour  microvasculature,  thereby  expanding  the  therapeutic  target  of  “> 
radiation.  The  spatial  and  temporal  control  of  gene  therapy  by  ionising 
avoids  systemic  toxicity  by  limiting  TNF  induction  to  the  tumour  bed.  Investiga 
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highly  radiation-inducible  promoters  linked  to  therapeutic  agents  may  enhance  the 
therapeutic  ratio  of  ionising  radiation. 


Acknowledgements  •  . 

This  research  was  supported  by  Grant  CA-41068  from  The  National  Cancer  Institute,  The  Chicago 

Tumor  Institute  at  The  University  of  Chicago  and  The  Center  for  Radiation  Therapy. 


References 

,  x.M.Cao,  Mol.  Cell  Biol.  10. 1931-1939(1990). 

•>  B.  Christy,  D.  Nathans,  Proc.  Natl.  Acad.  Sci.  USA  86,  8737-8741  (1989). 

3  D.  E.  Hallahan,  Proc.  Natl.  Acad.  Sci.  USA  88,  2156-2160  (1991). 

4  R.  Datta,  Proc.  Natl.  Acad.  Sci.  USA  89,  10149-10153  (1992). 

5'  W.  Fiers,  FEBS  Lett.  285,  199-212  (1991). 

5  S  T.  Malik,  F.  R.  Balkwill,  Immunol.  Ser.  56,  239-268  (1992). 

7.  D.  E.  Hallahan,  Cancer  J.  Sci.  Am.  1,  204  (1995). 

g  G.  Sersa,  V.  Willingham,  L.  Milas,  Int.  J.  Cancer  42,  129-134  (1988). 

9  G  H  Wong,  T.  McHugh,  R.  Weber.  D.  V.  Goeddel,  Proc.  Natl.  Acad.  Sci.  USA  88, 4372-4376  (1991). 

K,'  D.  E.  Hallahan,  M,  A.  Beckett,  D.  Kufe,  R.  R.  Weichselbaum,  Int.  J.  Radiat.  Oncol.  Biol.  Phys.  19,  69-74 

(1990). 

U.  R.  R.  Weichselbaum,  D.  E.  Hallahan,  V.  P.  Sukhatme,  D.  W.  Kufe,  Int.  J.  Radiat.  Oncol.  Biol.  Phys.  24, 
565-567(1992). 

12.  R.  R.  Weichselbaum,  Cancer  Res.  54,  4266-4269  (1994). 

13.  R.  R.  Weichselbaum,  D.  Kufe,  Lancet  349  (Suppl.),  SIUO-12  (1997). 

|4.  B.  Avalosse,  F.  Dupont,  A.  Bumy,  Cutt.  Opin.  OncoL  7, 94-100  (1995). 

|5*  D  E.  Hallahan,  Nat.  Med.  1.786-791  (1995). 

16.  H.  J.  Mauceri,  Cancer  Res.  56, 431 1-4314  (1996). 

.  17.  B.  A.  Teicher,  Y.  Emi,  Y.  Kakeji,  D.  Noithey,  Eur.  J.  Cancer  32A,  2461-2466  (1996). 

IS.  L.  Holmgren,  M.  S,  O'Reilly,  J.  Folkman,  Nat.  Med.  1, 149-153  (1995). 

19.  M.  O’Reilly,  Cancer  Res.  54, 6083-6086  (1994). 

20.  B.  K.  Sim,  Cancer  Res.  57, 1329-1334  (1997). 

21.  Y.  Cao,  J.  Biol.  Chem.  271, 29461-29467  (1996). 

21  H.  J.  Mauceri,  Nature  394, 287-291  (1998). 


Enhanced  eradication  of  local  and  distant  tumors  by 
genetically  produced  interleukin- 12  and  radiation 

SARASWATHY  SEETHARAM1,  MARY-JANE  ST  ABA2,  L.  PHILIP  SCHUMM3,  KARIN  SCHREIBER4, 
HANS  SCHREIBER4,  DONALD  W.  KUFE5  and  RALPH  R.  WEICHSELBAUM1 

Departments  of  'Radiation  and  Cellular  Oncology,  2Pediatrics,  3Health  Studies,  Pathology, 
University  of  Chicago,  Chicago,  IL  60637;  5Cancer  Pharmacology, 

Dana  Farber  Cancer  Institute,  Harvard  Medical  School,  Boston,  MA  02115,  USA 

Received  July  19,  1999;  Accepted  August  10,  1999 


Abstract.  Ionizing  radiation  (IR)  is  frequently  unsuccessful 
in  the  treatment  of  cancer  because  of  local  failure  or  distaht 
metastases.  The  efficacy  of  systemically  administered  cyto¬ 
kines  for  cancer  therapy  is  often  limited  by  toxicity.  We 
report  that  intratumoral  injection  of  an  adenoviral  vector  with 
interleukin- 12  (IL-12)  enhances  local  anti-tumor  effects  of 
irradiation  (IR).  We  demonstrate  that  microscopic  tumor 
growth  at  a  distant  site  is  suppressed  following  treatment  of 
the  primary  tumor  with  adeno-murine  IL-12  (Adm.IL-12). 
The  results  support  a  model  in  which  the  anti-angiogenic 
effects  of  IL-12  contribute  to  the  local  anti-tumor  effects  of 
radiation,  while  IL-12  induced  immunity  suppresses  growth 
of  microscopic  tumors  distant  from  the  primary  irradiated 
site.  These  data  suggest  that  combining  radiotherapy  with  IL-12 
improves  both  local  and  distant  tumor  control  compared  to 
either  treatment  alone.  Immunoradiotherapy  may  be  employed 
in  addition  to  or  in  place  of  current  conventional  therapies  to 
increase  local  control  and  decrease  distant  tumor  growth. 

Introduction 

Radiation  therapy,  an  important  method  of  treating  localized 
human  cancer,  is  frequently  unsuccessful  because  of  large 
tumor  cell  burden,  micro-environmental  factors  and/or  intrinsic 
cellular  mechanisms  that  contribute  to  radioresistance  (1,2). 
Physical  modification  in  radiotherapy  delivery  or  combination 
with  chemotherapeutic  agents  are  current  modalities  under 
clinical  investigation  to  treat  radioresistant  tumors  (1,3). 
Limitations  of  conventional  treatment  modifications  include 
increases  in  toxicity  with  relatively  small  increments  in  tumor 
control.  By  contrast,  recent  studies  have  demonstrated  that 


Correspondence  to:  Professor  Ralph  R.  Weichselbaum, 
Department  of  Radiation  and  Cellular  Oncology,  University  of 
Chicago,  Chicago,  IL  60637,  USA 

Key  words:  fibrosarcoma,  gene  therapy,  cytokines,  anti-angiogenic 


anti-angiogenic  strategies  combined  with  radiotherapy  increase 
tumor  cell  kill  without  increasing  toxicity  (4,5). 

Adjuvant  chemotherapy  is  delivered  before  the  development 
of  clinically  evident  metastases.  This  approach  has  proven 
effective  in  the  treatment  of  different  pediatric  tumors  (6) 
and  in  the  management  of  certain  adult  tumors  (7).  However, 
resistant  histologies  or  large  subclinical  tumor  burdens  limit  the 
efficacy  of  adjuvant  chemotherapy.  Therefore,  improvements 
in  adjuvant  therapy  are  needed. 

Immunization  against  putative  tumor  associated  antigens 
is  under  development  for  the  treatment  of  micrometastasis. 
One  method  of  immunization  is  local  intratumoral  delivery 
of  genes  encoding  cytokines  or  costimulatory  molecules  to 
induce  specific  anti-tumor  immunity  and  circumvent  systemic 
toxicity  (8).  IL-12  is  a  heterodimeric  cytokine  (9)  that  is 
produced  primarily  by  antigen  presenting  cells  (APCs)  and 
plays  an  important  role  in  mediating  immune  response  (10). 
Mechanisms  of  action  of  IL-12  include  stimulation  of 
CD4+,  CD8+  and  natural  killer  cells.  EL- 12  also  increases  the 
production  of  EFN-y  by  natural  killer  and  T  cells  (11).  Studies 
in  animals  and  the  results  of  human  clinical  trials  suggest  that 
IL-12  activated  CD8+  T  cells  play  a  crucial  role  in  anti-tumor 
immunity  (12,13).  IL-12  is  also  reported  to  possess  anti- 
angiogenic  activity  mediated  by  induction  of  IFN-y  (14). 
However,  human  trials  administering  IL-12  alone  as  an  anti¬ 
tumor  agent  have  to  date  been  unsuccessful. 

We  reasoned  that  IL- 12  might  enhance  the  local  anti¬ 
tumor  effects  of  IR  as  a  consequence  of  anti-angiogenic 
effects.  IL-12  could  also  suppress  tumors  distant  from  the 
irradiated  primary  site  by  inducing  the  anti-tumor  immunity. 
To  test  these  hypotheses,  we  used  as  a  model  the  poorly 
immunogenic  syngeneic  mouse  tumor  AG  104 A  (15)  and 
administered  fractionated  radiotherapy  and  an  adenoviral 
expression  vector  (Ad.mIL-12)  that  can  infect  host  tumor 
cells  and  provide  high  concentrations  of  IL-12  following 
local  delivery. 

Materials  and  methods 

Cell  culture.  Spontaneously  appearing  murine  fibrosarcoma 
cells  (15),  (AG  104 A  of  C3H/HeN  (MTV)  origin  from  Dr  Hans 
Schreiber)  were  maintained  without  passage  in  Dulbecco’s 
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modified  Eagle  medium  (Gibco),  10%  fetal  calf  serum 
(Intergen)  and  1%  penicillin/streptomycin  (Gibco). 

Adenoviral  vector.  Construction  and  characterization  of  a 
recombinant  type  5  adenoviral  vector  (Ad5)  expressing  murine 
IL- 12  (Dr  Donald  Kufe)  have  been  previously  described  (13). 
The  Ela  region  was  replaced  with  a  bicistronic  expression 
cassette  consisting  of  the  murine  cDNAs  for  the  p35  and 
p40  subunits  of  IL-12.  Expression  was  driven  by  an  internal 
ribosomal  entry  site  sequence  from  the  encephalomyocarditis 
virus  and  the  SV40  polyadenylation  signal  under  the 
control  of  cytomegalovirus  immediate  early  promoter  and 
enhancer.  Ad.mIL-12  vector  was  propagated  on  293  cells 
and  purified  (16). 

Growth  of  AG  104 A  tumors  and  treatment.  AG  104A  cells 
(5xl06  cells  in  100  pi  PBS)  were  injected  subcutaneously 
(s.c.)  into  the  right  hind  limbs  of  female  C3H/HeN  (MTV) 
mice  (Frederick  Cancer  Research  Institute).  Tumor  volume 
was  measured  directly  with  calipers  and  calculated  biweekly 
from  the  formula  (length  x  width  x  height/2)  and  reported  as 
fractional  tumor  volume  ±  SEM.  When  the  tumors  reached 
an  average  volume  of  217  mm3  (SD  =  102)  treatment  was 
initiated.  Animals  were  divided  into  the  following  treatment 
groups  so  that  the  mean  tumor  volumes  were  roughly 
equivalent:  control  (untreated),  IR  alone,  Ad.mIL-12  alone. 
Ad. null  with  IR  and  Ad.mIL-12  with  IR.  Mice  were  injected 
intratumorally  with  5xl09  plaque  forming  units  (PFU)  of 
Ad.mIL-12  or  Ad5  (Ad. null)  virus  on  day  0,  4  h  before 
radiation.  Tumors  were  radiated  with  5  Gy/day,  for  5  days  to 
a  total  of  25  Gy  using  a  Maxitron  generator,  150  kV,  30  mA 
at  1.88  Gy/min.  The  care  and  treatment  of  all  experimental 
animals  was  in  accordance  with  institutional  guidelines. 

lnununohistochemistry .  At  days  3,  7  and  21  tumors  from 
untreated  and  treated  animals  were  excised  and  fixed  in 
10%  neutral  formalin.  After  embedding  in  paraffin,  5  pm 
sections  were  cut  and  mounted.  Briefly,  sections  were  dried, 
deparaffinized  and  rehydrated.  After  quenching  endogenous 
peroxidase  activity  and  blocking  with  bovine  serum  albumin, 
slides  were  incubated  at  4*C  overnight  with  a  1:50  dilution  of. 
rat  anti-mouse  CD31  +  monoclonal  antibody  (Pharmingen) 
and  were  incubated  for  1  h  with  biotinylated  rabbit  anti-rat 
immunoglobulin  (Vector  Laboratories). 

Blood  vessels  were  visualized  using  the  Vectastain  elite 
ABC  kit,  Vector  PK-6100  (Vector).  Slides  were  dipped  in 
0.125%  osmium  tetroxide  (Sigma)  to  enhance  positivity 
and  counterstained  with  1%  methyl  green  (Trevigen).  Ten 
high  power  fields  (x400)  were  examined  using  a  Nikon 
Microphot-FX  microscope  equipped  with  a  Sony  digital 
camera.  Vessels  were  counted  using  Macintosh  Image  Pro- 
Pius  Imaging  software. 

Bilateral  AG104A  tumor  studies .  A  subset  of  the  animals 
described  above  were  also  injected  with  AG104  A  cells  (SxlO6 
cells  in  100  pi)  into  the  left  hind  limbs  concurrently  on  the  first 
day  of  treatment  administered  to  the  right  limb.  Left  limb 
tumor  volumes  were  measured  for  35  days.  Tumor  induction 
rates  were  defined  as  the  number  of  measurable  left  limb 


Rechallenge  studies.  AG104A  right  limb  tumor  bearing  mice 
were  treated  as  described  above.  Two  different  rechallenge 
studies  were  performed,  i)  Sixty  days  after  complete  regression 
of  primary  right  limb  tumors  mice  were  injected  with  5x10* 
AG104A  cells  in  100  pi  PBS  in  the  opposite  limb.  Mice  were 
observed  for  tumor  regrowth  and  survival  for  160  days,  ii)  To 
determine  whether  CD8+  lymphocytes  mediated  the  anti¬ 
tumor  immunity,  mice  successfully  treated  with  Ad.mIL-12 
and  radiation  were  depleted  of  CD8+  T  cells.  The  anti-CD8+ 
(anti-lyt.2)  producing  hybridoma  YTS  169.4  (17)  (from  Dr 
Hans  Schreiber)  was  used  to  deplete  CD8+  lymphocytes. 
Twenty-five  days  after  complete  regression  of  the  primary 
tumor  mice  were  injected  intraperitoneally  (i.p.)  with  0.2  ml 
conditioned  medium  from  cultured  hybridoma  (n=3).  On 
day  4,  mice  were  injected  with  lxlO5  AG104A  cells  in  their 
left  hind  limbs.  An  additional  dose  of  0.2  ml  -conditioned 
medium  was  injected  i.p.  on  day  7.  Control  mice  were  treated 
with  control  antibody  (n=3).  Mice  were  observed  for  tumor 
regrowth  for  30  days. 

Data  analysis.  Right  limb  tumor  volumes  were  converted  to 
fractional  tumor  volumes  (volume/volume  at  start  of  treatment) 
and  plotted  as  mean  ±  SEM  for  each  treatment  group. 
Comparisons  between  groups  were  performed  on  day  21  using 
Wilcoxon's  rank  sum  test  since  untreated  control  animals 
were  killed  after  day  21.  In  addition,  complete  regression 
rates  (defined  as  zero  volume)  on  day  60  were  compared 
between  groups  using  Fisher's  exact  test.  Average  vessel 
counts  were  transformed  using  natural  logarithms  and 
analyzed  using  ANOVA,  including  treatment  group  and  day 
as  covariates.  For  the  bilateral  studies  a  linear  regression 
model  was  fit  to  the  data  starting  on  day  10,  permitting  both 
the  day  10  volume  and  the  rate  of  change  thereafter  to  vary 
depending  upon  the  treatment  administered  to  the  tumor  in 
the  right  limb.  The  model  was  fit  using  the  Generalized 
Estimating  Equations  Approach  (18).  The  correlation  between 
measurements  on  the  same  animal  was  assumed  to  be  that 
of  a  first  order  autoregressive  process,  however  standard 
errors  were  estimated  using  the  sandwich  estimator  and  are 
therefore  valid  even  if  the  true  correlation  structure  deviates 
from  this  assumption.  Induction  rates  (defined  as  the  proportion 
of  animals  with  non-zero  volumes)  on  day  35  were  analyzed 
using  logistic  regression  (19),  using  radiation  and  Ad.mIL-12 
as  binary  covariates.  Estimates  are  presented  as  odds  [p/(  1-p)] 
ratios.  All  p- values  reported  are  two  sided. 

Results 

To  determine  whether  concurrent  delivery  of  Ad.mIL-12 
with  radiation  increases  local  anti-tumor  effects,  we  treated 
mouse  hind  limb  AG104A  tumors  with  intratumoral  injection 
of  Ad.mIL-12  and  fractionated  radiation.  Mice  were  sacrificed 
at  60  days  after  starting  treatment  and/or  when  hind  limb 
tumor  volumes  measured  greater  than  2500  mm3.  Untreated 
control  tumors  grew  to  a  mean  volume  of  2500  mm3  by  day  21. 
No  spontaneous  tumor  regressions  were  observed.  Ad.mIL-12 
inhibited  tumor  growth  both  when  administered  alone  (p<0.001 
on  day  21)  and  when  administered  in  conjunction  with  IR 
(p<0.001  on  day  21),  whereas  the  addition  of  IR  to  Ad.null 
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Figure  1.  Antitumor  activity  of  Ad.mIL-12  on  AG1G4A  tumors.  AG104A 
(5x  1 06  cells  in  100  j-il  PBS)  were  injected  subcutaneously  into  the  right  hind 
limbs  of  female  C3H/HeN(MTV)  mice.  Tumor  volumes  were  measured 
biweekly  throughout  the  study.  Tumors  were  treated  with  IR  alone”, 
Adm.IL-12  alone,  Ad. null  plus  IR  or  Ad.mIL>  12  plus  IR.  Mean  fractional 
tumor  volume  ±  SEM  is  reported.  Untreated  control,  circle;  IR  alone, 
square;  Adm.IL-12  alone,  triangle;  Ad.nuII  plus  IR,  no  symbol;  Adm.IL-12 
plus  IR,  diamond.  Controls  were  sacrificed  after  day  21.  The  proportion  of 
mice  remaining  on  day  35  was  0.86,  IR  alone;  0.66,  Adm.IL-12  alone; 
0.93,  Ad.nuII  plus  IR;  0.96,  Adm.IL-12  plus  IR. 


Table  I.  Tumor  regression  and  induction  rates. 


Treatment 

group 

Day  60 

Right  limb 
Regression  rate 

Day  35 
Left  limb 
Induction  rate 

Control 

0/39 

19/19 

Ad.mIL-12 

11/51 

14/21 

IR 

14/53 

19/21 

Ad.nuII  plus  IR 

3/14 

Ad.mIL-12  plus  IR 

26/44 

16/21 

Right  limb  tumors  were  grown  and  treated  as  described  in  Materials 
and  methods.  Tumors  were  measured  biweekly  throughout  the  study. 
Complete  regression  rates  (defined  as  zero  volume)  on  day  60  were 
computed  including  the  number  of  tumors  with  volume  equal  to 
zero  divided  by  the  number  of  mice  in  each  group.  Induction  rates 
for  the  untreated  left  limb  tumors  were  calculated  by  dividing  the 
number  of  measurable  left  limb  tumors  by  the  number  of  mice  in 
each  group  on  day  35. 


are  presented  in  Table  I.  The  addition  of  Ad.mIL-12  increased 
the  regression  rate  compared  to  that  of  IR  alone  (p=0.002). 
The  rate  for  Ad.mIL-12  plus  radiation  was  higher  than  that 
of  Ad.nuII  plus  IR  (p=0.029).  Taken  together,  these  data 
indicate  that  the  anti-tumor  effects  of  Ad.mIL-12  increase  the 
efficacy  of  IR  in  achieving  local  tumor  control. 


Days  after  Injection 


Figure  2.  Distant  tumor  control  by  Ad.mIL-12.  Mice  were  injected  with 
AG104A  cells  into  the  left  hind  limbs  concurrently  on  the  first  day  of 
treatment  administered  to  the  right  limb.-Bilateral  tumor  volumes  were 
measured  for  35  days  and  calculated  as  described  in  Materials  and  methods. 
Mean  tumor  volume  ±  SEM  in  left  limb  is  reported.  Dashed  lines  indicate 
fitted  values  from  linear  regression  model.  Control,  circle;  IR  alone,  square; 
Adm.IL-12  alone,  triangle;  Adm.IL-12  plus  IR,  diamond. 


To  study  the  mechanistic  basis  for  the  effects  of  EL-12 
and  radiation,  we  assessed  the  effects  on  angiogenesis  with 
anti-CD31  staining  of  AG104A  tumor  sections.  Histopathology 
of  tumor  sections  at  days  3,  7  and  21  (Table  II)  revealed  a 
decrease  in  the  vascularity  of  tumors  treated  with  Ad.mEL-12 
as  compared  to  control  (p<0. 001)  and  those  treated  with 
Ad.mIL-12  and  IR  as  compared  to  IR  alone  (p=0.00i).  These 
results  suggest  that  Ad.mIL-12  inhibits  angiogenesis  and 
thereby  contributes  to  significant  tumor  regression. 

Because  IL- 12  stimulates  immune  responses,  we  determined 
if  injection  of  Ad.mIL-12  into  AG104A  tumors  induces  a 
therapeutic  effect  against  microscopic  tumors  at  distant  sites. 
A  subset  of  animals  were  concurrently  injected  with  5xl06 
AG104A  cells  into  the  left  limb  as  described  above.  Mice 
were  sacrificed  when  either  hind  limb  tumor  volume  measured 
greater  than  2500  mm3.  Table  I  shows  the  number  of  animals 
in  each  group  that  developed  detectable  left  hind  limb  tumors 
by  day  35.  Based  on  a  logistic  regression  model,  Ad.mIL-12 
reduced  the  odds  of  tumor  induction  by  87%  (p=0.011) 
whereas  IR  had  no  effect  (p=0.975). 

A  linear  regression  was  fit  to  the  mean  tumor  volume 
starting  on  day  10  (Fig.  2).  Based  on  this  model,  Ad.mIL-12 
reduced  the  average  day  10  volume  by  165  mm3  (p<0.001),  and 
reduced  the  growth  rate  thereafter  by  16  mm3/day  (p=0.030). 
These  results  suggest  that  the  extent  of  IL-I2  production  in 
the  treated  tumor  is  a  determinant  for  suppression  of  distant 
tumor  growth. 

To  determine  whether  successfully  cured  mice  develop 
long-term  immunity,  we  rechallenged  tumor-free  mice  with 
5xl06  AG104A  cells  into  the  opposite  limb  60  days  after 
complete  primary  tumor  regression.  Mice  were  observed  for 
tumor  growth  for  an  average  of  160  days.  None  of  the  9  (0%) 
animals  treated  with  Ad.mIL-12  alone  and  only  4  of  15  (27%) 
animals  treated  with  Ad.mIL-12  plus  radiation  demonstrated 
tumor  growth  by  day  29.  By  contrast,  tumors  were  induced  in 
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EFFECTS  OF  RADIATION  BY  ADENO-MURINE  IL-12 


Table  II.  Effect  of  combining  Ad.mIL-12  with  IR  on  tumor 
vasculature. 

Treatment 

Days  after  start  of  treatment 
i  7 

21 

group 

Control 

6.5 

7.3 

7.9 

(16) 

(6.8) 

(3.5) 

Adm.  IL-12 

8.2 

5.0 

3.7 

(0.5) 

(1.9) 

(0.9) 

IR 

4.1 

6.0 

7.0 

(LI) 

(0.5) 

(1.2) 

Ad.null* 

plus  IR 

5.9 

4.8 

4.2 

Adm.IL-12 

plus  IR 

3.2 

5.1 

2.3 

(0.6) 

(1.7) 

(0.3) 

Representative  tumor  sections  from  3  mice/treatment/day  were 
processed  and  visualized  as  described  in  Materials  and  methods. 
Ten  high  power  fields  were  counted  and  average  number  of  vessels 
per  field  is  reported.  Numbers  in  parentheses  indicate  standard 
deviation  (n=3).  "Only  one  animal/treatment/day  was  examined. 


activates  T  and  NK  cells  it  could  also  induce  macrophage 
activation  through  the  induction  of  IFN-y-  Local  endogenous 
production  of  mIL-12  by  activated  macrophages  may  act  as  a 
feedback  mechanism  on  tumor  associated  NK  and  T  cells  to 
promote  increased  cell  killing  which  would  be  enhanced  by 
IR  induced  cell  injury  (21).  The  potent  anti-tumor  interaction 
of  IL-12  and  IR  when  delivered  by  an  adenoviral  vector  is 
achieved  with  no  increase  in  toxicity  compared  with  IR  alone. 

In  contrast,  clinical  trials  in  humans  have  demonstrated 
substantial  toxicity  with  systemically  administered  IL-12. 
These  data  are  of  importance  since  20-30%  of  all  cancer 
patients  die  of  local  failure  as  well  as  experience  substantial 

morbidity  (22).  .  , 

Data  demonstrating  minimal  tumor  regrowth  in  animals 
cured  following  treatment  with  Ad.mIL-12  alone  or  with 
IR  and  tumor  regrowth  following  CD8*  depletion  strongly 
support  the  induction  of  anti-tumof  immunity  in  animals 
treated  with  Ad.mIL-12.  These  data  are’ consistent  with  the 
finding  that  greater  production  of  IL-12  confers  more  effective 
anti-tumor  activity  against  tumor  growth  in  the  contralateral 
limb.  Our  data,  therefore,  provide  support  for  a  strategy  of 
tumor  vaccination  whereby  both  local  control  and  microscopic 
distant  tumor  growth  are  suppressed,  without  increases  in 
host  toxicity  by  transduction  of  tumor  cells  with  Ad.mIL-12. 
Our  results  support  a  paradigm  shift  for  the  use^of  immuno¬ 
therapy  and  radiation  therapy  whereby  genetic  constructs 
are  introduced  into  primary  tumors  in  patients  undergoing 
therapeutic  radiation.  This  model  for  adjuvant  immuno- 
radiotherapy  may  provide  improvements  in  control  of  both 
local  and  micrometastatic  tumors  compared  to  conventional 
treatments. 


6  of  6  (100%)  animals  that  had  irradiated  primary  tumors, 
and  3  of  3  (100%)  animals  with  tumors  treated  with  Ad.null 
plus  radiation.  These  findings  support  the  establishment  of 
anti-tumor  immunity  as  a  consequence  of  local  Ad.mIL-12 
treatment. 

To  further  assess  whether  the  tumor  rejection  following 
treatment  with  Ad.mIL-12  results  in  a  CDS*  T  cell  mediated 
immune  response,  we  depleted  CD8*  lymphocytes  in  3  mice 
that  had  been  successfully  treated  with  Ad.mIL-12  plus 
radiation.  Tumors  developed  in  all  CD8*  depleted  animals 

7  days  after  inoculation  of  1x10s  AG104A  cells,  while  mice 
injected  with  control  antibody  failed  to  develop  tumors. 
Our  results  demonstrate  that  IL-12  induces  a  potent  local 
and  distant  anti-tumor  effects  through  CD8*  dependent 
immunity. 

Discussion 

The  present  results  suggest  that  Ad.mIL-12  enhances  anti¬ 
tumor  effects  of  IR  by  suppression  of  tumor  angiogenesis. 
Considering  that  IL-12  is  anti-angiogenic  (14)  and  IR  alone 
does  not  target  the  tumor  vasculature  (4,20)  the  study  supports 
a  model  whereby  IL-12  targets  the  tumor  vessels  through  the 
production  of  lFN-y  and  IR  targets  the  tumor  cells.  Induction 
of  anti-tumor  immunity  as  demonstrated  by  tumor  rechallenge 
studies  suggest  that  IL-12  may  also  increase  the  local  anti- 
tumnr  effects  of  IR  bv  an  immune  response.  The  enhanced 
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ABSTRACT 

Vascular  basement  membrane  is  an  important  structural  component  of 
blood  vessels  and  has  been  shown  to  interact  with  and  modulate  vascular 
endothelial  behavior  during  angiogenesis.  During  the  inductive  phase  of 
tumor  angiogenesis,  this  membrane  undergoes  many  degradative  and 
structural  changes  and  reorganizes  to  a  native  state  around  newly  formed 
capillaries  in  the  resolution  phase.  Such  matrix  changes  are  potentially 
associated  with  molecular  modifications  that  include  expression  of  matrix 
gene  products  coupled  with  conformational  changes,  which  expose  cryptic 
protein  modules  for  interaction  with  the  vascular  endothelium.  We  spec¬ 
ulate  that  these  interactions  provide  important  endogenous  angiogenic 
and  anti-angiogenic  cues.  In  this  report,  we  identify  an  important  anti- 
angiogenic  vascular  basement  membrane-associated  protein,  the  26-kDa 
NCI  domain  of  the  cq  chain  of  type  IV  collagen,  termed  arresten.  Arresten 
was  isolated  from  human  placenta  and  produced  as  a  recombinant  mol¬ 
ecule  in  Escherichia  coli  and  293  embryonic  kidney  cells.  We  demonstrate 
that  arresten  functions  as  an  anti-angiogenic  molecule  by  inhibiting  en¬ 
dothelial  cell  proliferation,  migration,  tube  formation,  and  Matrigel  neo¬ 
vascularization.  Arresten  inhibits  the  growth  of  two  human  xenograft 
tumors  in  nude  mice  and  the  development  of  tumor  metastases.  Addition¬ 
ally,  we  show  that  the  anti-angiogenic  activity  of  arresten  is  potentially 
mediated  via  mechanisms  involving  cell  surface  proteoglycans  and  the 
a1p1  integrin  on  endothelial  cells.  Collectively,  our  results  suggest  that 
arresten  is  a  potent  inhibitor  of  angiogenesis  with  a  potential  for  thera¬ 
peutic  use. 


INTRODUCTION 

The  development  of  new  blood  vessels  from  preexisting  ones  is 
generally  referred  to  as  angiogenesis  (1).  In  the  adult,  new  blood 
vessels  arise  via  angiogenesis,  a  process  critical  for  normal  physio¬ 
logical  events  such  as  wound  repair,  the  menstrual  cycle,  and  endo¬ 
metrium  remodeling  (2).  In  the  last  three  decades,  considerable  re¬ 
search  has  been  conducted  documenting  that  tumor  growth  and 
metastasis  require  angiogenesis  (3).  This  process  is  pivotal  to  the 
survival  and  subsequent  growth  of  solid  tumors  beyond  a  few  cubic 
millimeters  in  size  (4).  Vascular  basement  membrane  constitutes  an 
insoluble  structural  wall  of  newly  formed  capillaries  and  undergoes 
several  changes  during  tumor-induced  angiogenesis  (5).  Initially,  the 
membrane  is  degraded  and  disassembled  but  is  finally  reorganized  to 
a  native  state  around  a  newly  formed  capillary  (5).  Such  vascular 
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matrix  changes  during  angiogenesis  are  associated  with  the  expression 
of  matrix  proteins  that  can  interact  with  vascular  endothelium  and 
provide  endogenous  angiogenic  and  anti-angiogenic  signals  (5).  Base¬ 
ment  membranes  are  composed  of  macromolecules  such  as  type  IV 
collagen,  laminin,  HSPGs,3  fibronectin,  and  entactin  (6).  Type  IV 
collagen  is  composed  of  six  genetically  distinct  gene  products, 
namely,  cq-a6  (7).  The  aY  and  a2  isoforms  are  ubiquitously  present 
in  human  basement  membranes  (8).  The  other  four  isoforms  exhibit 
restricted  distributions  (9)rType  IV  collagen  promotes  cell  adhesion, 
migration,  differentiation,  and  growth  (8).  It  is  thought  to  play  a 
crucial  role  in  endothelial  cell  proliferation  and  behavior  during  the 
angiogenic  process  (5).  Several  studies  have  shown  the  anti-angio¬ 
genic  properties  associated  with  inhibitors  of  collagen  metabolism, 
supporting  the  notion  that  basement  membrane  collagen  synthesis  and 
deposition  are  crucial  for  blood  vessel  formation  and  survival  (10). 
Additionally,  the  COOH-terminal  globular  NCI  domain  of  type  IV 
collagen  is  speculated  to  play  an  important  role  in  the  assembly  of 
type  IV:’collagen  suprastructure,  basement  membrane  organization, 
and  modulation  of  cell  behavior  (II,  12).  Recently,  the  NCI  domain 
of  the  a.2  chain  of  type  IV  collagen  (canstatin)  was  identified  as  an 
angiogenesis  inhibitor  (13)  In  the  present  study,  we  demonstrate  the 
pivotal  role  of  arresten,  the  NCI  domain  of  the  cq  chain  of  type  IV 
collagen,  in  modulating  the  function  of  capillary  endothelial  cells  and 
blood  vessel  formation  using  in  vitro  and  in  vivo  models  of  angio¬ 
genesis  and  tumor  growth. 

MATERIALS  AND  METHODS 

Recombinant  Production  of  Arresten  in  Escherichia  coli .  The  sequence 
encoding  arresten  was  amplified  by  PCR  from  the  cq  NCI  (IV)/pDS  vector 
(14)  using  a  forward  primer  (S'-CGGGATCCTTCTGTTGATCACGGCTTC- 
3')  and  a  reverse  primer  (5 '  -CCC  AAGCI'IIGTTCTTCTC  AT  AC  AGAC-3 ' ) . 
The  resulting  cDNA  fragment  was  digested  with  BamHl  and  Hind  III  and 
ligated  into  predigested  pET22b(+)  (Novagen,  Madison,  WI).  This  placed 
arresten  downstream  of  and  in  frame  with  the  pelB  leader  sequence,  allowing 
for  periplasmic  localization  and  expression  of  soluble  protein.  Additional 
vector  sequence  was  added  to  the  protein  encoding  amino  acids  MDIGINSD. 
The  y  end  of  the  sequence  was  ligated  in  frame  with  the  polyhistidine  tag 
sequence.  Additional  vector  sequence  between  the  3'  end  of  the  cDNA  and  the 
his  tag  encoded  the  amino  acids  KLAAALE.  Positive  clones  were  sequenced 
on  both  strands. 

Plasmid  constructs  encoding  arresten  were  first  transformed  into  E.  coli 
HMS174  (Novagen)  and  then  transformed  into  BL21  for  expression  (Nova¬ 
gen).  Overnight  bacterial  culture  was  used  to  inoculate  a  500-ml  culture  in 
Luria-Bertani  medium.  This  culture  was  grown  for  ~4  h  until  the  cells  reached 
an  A600  of  0.6.  Then,  protein  expression  was  induced  by  addition  of  isopropyl- 
l-thio-0-D-galactopyranoside  to  a  final  concentration  of  1-2  mM.  After  a  2-h 
induction,  cells  were  harvested  by  centrifugation  at  5,000  X  g  and  lysed  by 
resuspension  in  6  M  guanidine,  0.1  M  NaH2P04,  and  0.01  M  Tris-HCl  (pH  8.0). 
Resuspended  cells  were  sonicated  briefly,  and  centrifuged  at  12,000  X  g  for  30 


3  The  abbreviations  used  are:  HSPG,  heparan  sulfate  proteoglycan;  HPLC,  high- 
performance  liquid  chromatography;  HPEC,  human  prostate  epithelial  cell;  bFGF,  basic 
fibroblast  growth  factor;  VEGF,  vascular  endothelial  growth  factor;  PCNA,  proliferating 
cell  nuclear  antigen;  HUVEC,  human  umbilical  vein  endothelial  cell;  CPAE,  calf  pulmo¬ 
nary  arterial  endothelial. 
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min.  The  supernatant  fraction  was  passed  over  a  5-mI  Ni-nitrilotriacetic  acid- 
agarose  column  (Qiagen,  Chatsworth,  CA)  four  to  six  times  at  a  speed  of  2 
ml/min.  Nonspecifically  bound  protein  was  removed  by  washing  with  both  10 
and  25  mM  imidazole  in  8  M  urea,  0.1  M  NaH2P04,  and  0.01  M  Tris-HCl  (pH 
8.0).  Arresten  protein  was  eluted  from  the  column  with  increasing  concentra¬ 
tions  of  imidazole  (50,  125,  and  250  mM)  in  8  M  urea,  0.1  M  NaH2P04,  and  0.01 
M  Tris-HCl  (pH  8.0).  The  eluted  protein  was  dialyzed  twice  against  PBS  at 
4°C.  A  minor  portion  of  the  total  protein  precipitated  during  dialysis.  Dialyzed 
protein  was  collected  and  centrifuged  at  ~3,500  X  g  and  separated  into  pellet 
and  supernatant  fractions.  Protein  concentration  in  each  fraction  was  deter¬ 
mined  by  the  bicinchoninic  acid  assay  (Pierce,  Rockford,  EL)  and  quantitative 
SDS-PAGE  analysis.  The  fraction  of  total  protein  in  the  pellet  was — 22%,  with 
the  remaining  78%  recovered  as  a  soluble  protein.  The  total  yield  of  protein 
was  approximately  10  mg/liter. 

Recombinant  Production  of  Endostatin  in  Yeast.  Mouse  endostatin  was 
produced  in  Picchia  pasroris  and  purified  as  described  previously  (15). 

Expression  of  Arresten  in  293  Embryonic  Kidney  Cells.  We  used  the 
pDS  plasmid  containing  ccl(IV)NCl  (14)  to  PCR  amplify  arresten  in  a  way  that 
it  would  add  a  leader  signal  sequence  in  frame  into  the  pcDNA  3.1  (Invitrogen, 
Carlsbad,  CA)  eukaryotic  expression  vector.  The  leader  sequence  from  the  5' 
end  of  the  full-length  aL( IV)  chain  was  cloned  5'  to  the  NCI  domain  to  enable 
protein  secretion  into  the  culture  medium.  The  arresten-containing  recombi¬ 
nant  vectors  were  sequenced  using  flanking  primers.  Error-free  cDNA  clones 
were  further  purified  and  used  for  in  vitro  translation  studies  to  confirm  protein 
expression  (data  not  shown).  The  arresten-containing  plasmid  and  control 
plasmid  were  used  to  transfect  293  cells  using  the  calcium  chloride  method. 
Transfected  clones  were  selected  by  Geneticin  (Life  Technologies,  Inc.,  Gaith¬ 
ersburg,  MD)  antibiotic  treatment.  The  cells  were  passed  for  3  weeks  in  the 
presence  of  the  antibiotic  until  no  cell  death  was  evident.  Clones  were  ex¬ 
panded  into  T-225  flasks  and  grown  until  confluent.  Then,  the  supernatant  was 
collected  and  concentrated  using  an  Amicon  (Beverly,  MA)  concentrator.  The 
concentrated  supernatant  was  analyzed  by  SDS-PAGE,  immunoblotting,  and 
ELISA  for  arresten  expression.  Strong  binding  in  the  supernatant  was  detected 
by  ELISA  (data  not  shown).  The  arresten-containing  supernatant  was  subjected 
to  affinity  chromatography  using  arresten-specific  antibodies  (14).  Arresten 
antibody  was  generated  to  a  purified  protein  as  described  previously  (14).  This 
antibody  recognized  only  the  al  NCI  domain  (14).  A  major  peak  was  iden-^ 
tified,  containing  a  monomer  of  —30  kDa  that  was  immunoreactive  with 
arresten  antibodies. 

Isolation  of  Native  Arresten.  Native  arresten  from  human  placenta  was 
isolated  using  bacterial  collagenase,  anion  exchange  chromatography,  gel 
filtration  chromatography,  HPLC,  and  affinity  chromatography  (6,  14).  Type 
IV  collagen  monomers  isolated  from  human  placenta  were  HPLC  purified 
using  a  C-18  hydrophobic  column. 

Inhibition  of  Endothelial  Cell  Proliferation.  CPAE  cells  were  grown  to 
confluence  in  DMEM  with  10%  FCS  and  kept  contact  inhibited  for  48  h. 
Human  renal  cell  carcinoma  cells  (786-0;  data  not  shown),  PC-3  cells  (human 
prostate  adenocarcinoma),  HPECs,  and  A-498  (renal  carcinoma)  cells  (data  not 
shown)  were  used  as  controls  in  this  experiment.  Cells  were  harvested  by 
trypsinization  (Life  Technologies)  at  37°C  for  5  min.  A  suspension  of  12,500 
cells  in  DMEM  with  1%  FCS  was  added  to  each  well  of  a  24-well  plate  coated 
with  10  p.g/ml  fibronectin.  The  cells  were  incubated  for  24  h  at  37°C  with  5% 
CO-,  and  95%  humidity.  The  medium  was  removed  and  replaced  with  DMEM 
containing  0.5%  FCS  and  3  ng/ml  bFGF  (R&D  Systems,  Inc.,  Minneapolis, 
MN).  Unstimulated  controls  received  no  bFGF.  Cells  were  treated  with  con¬ 
centrations  of  arresten  or  endostatin  ranging  from  0.01  to  50  jig/ml.  All  wells 
received  1  pCi  of  [3H] thymidine-  at  the  time  of  treatment.  After  24  h  the 
medium  was  removed,  and  the  wells  were  washed  with  PBS.  Cells  were 
extracted  with  1  N  NaOH  and  added  to  a  scintillation  vial  containing  4  ml  of 
ScintiVerse  II  (Fisher  Scientific,  Springfield,  NJ)  solution.  Thymidine  incor¬ 
poration  was  measured  using  a  scintillation  counter.  All  groups  represent 
triplicate  samples. 

Cell  Cycle  Analysis.  Cell  cycle  analysis  was  performed  as  reported  previ¬ 
ously  (16).  Briefly,  CPAE  cells  were  grown  to  confluence  in  DMEM  contain¬ 
ing  10%  FBS  and  growth  arrested  by  contact  inhibition  for  48  h.  A  suspension 
of  500,000  cells  was  seeded  in  each  well  of  a  six-well  plate  in  DMEM 
containing  1%  FBS  and  5  ng/ml  VEGF.  Different  doses  of  arresten  were 
added,  and  the  ceils  were  harvested  18  h  after  treatment.  Cells  were  fixed  in 
ice-cold  95%  ethanol  and  rehydrated  3  h  later  at  room  temperature  for  30  min 


in  rehydration  buffer  (2%  FBS  and  0.1%  Tween  20  in  PBS).  Next,  the  cells 
were  centrifuged  at  1,200  rpm  for  10  min  and  resuspended  in  0.5  ml  of 
rehydration  buffer.  RNase  was  added  at  5  jig/ml  and  allowed  to  incubate  for 
l  h  at  37°C,  followed  by  staining  with  propidium  iodide  at  5  jug/ml.  The  data 
were  analyzed  using  a  Becton  Dickinson  (San  Jose,  CA)  FACStar  plus  flow 
cytometer.  The  percentage  of  cells  in  S  phase  was  calculated  using  ModFit 
software. 

Endothelial  Tube  Assay.  Matrigel  (Collaborative  Biomolecules,  Bedford, 
MA)  was  added  (320  pX)  to  each  well  of  a  24-well  plate  and  allowed  to 
polymerize  (17).  A  suspension  of  25,000  mouse  aortic  endothelial  cells  in 
EGM-2  (Clonetics,  Inc.,  Walkersfield,  MD)  medium  without  antibiotic  was 
passed  into  each  well  coated  with  Matrigel.  The  cells  were  treated  with 
arresten,  BSA,  sterile  PBS,  or  7S  domain  in  increasing  concentrations.  All 
assays  were  performed  in  triplicate.  Cells  were  incubated  for  24-48  h  at  37°C 
and  viewed  using  an  Olympus  Optical  (Tokyo,  Japan)  CK2  microscope  (3.3 
ocular,  10 X  objective).  The  cells  were  then  photographed  using  400  DK- 
coated  TMAX  film  (Eastman  Kodak,  Rochester,  NY).  Cells  were  stained  with 
Diff-Quik  fixative  (Sigma  Chemical  Co.,  St.  Louis,  MO)  and  photographed 
again  (17).  Ten  fields  were  viewed,  and  tubes  were  counted  and  averaged. 

_  Matrigel  Assay.  Matrigel  was  thawed  overnight  at  4°C.  Before  injection 
into  C57BL/6  mice  it  was  mixed  with  20  units/ml  heparin  (Pierce),  150  ng/ml 
bFGF  (R&D  Systems),  and  either  1  Mg/ml  arresten  or  10  jug/ml  endostatin. 
Control  groups  received  no  angiogenic  inhibitor.  The  Matrigel  mixture  was 
injected  s.c.  using  a  21 -gauge  needle.  After  14  days,  mice  were  sacrificed,  and 
the  Matrigel  plugs  were  removed.  Matrigel  plugs  were  fixed  in  4%  paraform¬ 
aldehyde  (in  PBS)  for  4  h  at  room  temperature  and  then  switched  to  PBS  for 
24  h.  The  plugs  were  embedded  in  paraffin,  sectioned,  and  H&E  stained. 
Sections  were  examined  by  light  microscopy,  and  the  number  of  blood  vessels 
from  10  high-power  fields  was  counted  and  averaged. 

Inhibition  of  Tumor  Metastases.  C57BL/6  mice  were  i.v.  injected  with  1 
million  MC38/MUC1  cells.  Controls  (five  mice)  received  sterile  PBS,  and  the 
experimental  group  (six  mice)  received  4  mg/kg  arresten  every  other  day  for  26 
days.  Pulmonary  tumor  nodules  were  counted  for  each  mouse  in  both  groups 
and  averaged  after  26  days  of  treatment.  Two  deaths  were  recorded  in  each 
group. 

In  Vivo  Tumor  Studies.  Human  renal  cell  carcinoma  cells  (786-0)  were 
maintained  in  DMEM  with  10%  FCS  until  confluent.  The  cells  were  harvested, 
and  2  million  were  injected  into  7-  to  9-week-old  athymic  nude  mice.  The 
tumors  were  allowed  to  grow  to  —700  or  100  mm3.  Arresten  was  injected  i.p. 
daily  at  a  dosage  of  10  or  20  mg/kg.  Control  groups  received  either  BSA  or  the 
PBS  vehicle  daily.  Human  prostate  adenocarcinoma  cells  (PC-3)  were  main¬ 
tained  in  F12K  medium  with  10%  FCS  until  confluent.  The  cells  were 
harvested,  and  5  million  were  injected  into  7-  to  9-week-old  male  athymic  nude 
mice.  The  tumors  grew  to  —60  or  200  mm3.  The  mice  were  injected  daily  with 
10  or  4  mg/kg  arresten  or  20  mg/kg  endostatin.  Control  groups  received  daily 
injections  of  PBS.  In  both  experiments  tumor  volume  was  measured  using  the 
standard  formula  length  X  width2  X  0.52  (18).  Each  group  contained  five  or 
six  mice. 

Immunohistochemistry.  Mice  were  sacrificed  after  10-20  days  of  ar¬ 
resten  treatment.  Tumors  were  excised  and  fixed  in  4%  paraformaldehyde. 
Tissues  were  paraffin  embedded,  and  3-jiim  sections  were  cut  and  mounted  on 
glass  slides.  Sections  were  deparaffinized,  rehydrated,  and  treated  with  300 
mg/ml  protease  XXIV  (Sigma)  at  37°C  for  5  min.  Digestion  was  stopped  with 
100%  ethanol,  and  sections  were  air  dried  and  blocked  with  10%  rabbit  serum. 
Then,  slides  were  incubated  at  4°C  overnight  with  a  1:50  dilution  of  rat 
anti-mouse  CD-31  monoclonal  antibody  (PharMingen,  San  Diego,  CA),  fol¬ 
lowed  by  two  successive  30-min  incubations  at  37°C  of  1:50  dilutions  of  rabbit 
anti-rat  immunoglobulin  and  rat  alkaline  phosphatase  anti-alkaline  phospha¬ 
tase  (DAKO,  Carpinteria,  CA).  The  color  reaction  was  performed  with  new 
fuchsin,  and  sections  were  counterstained  with  hematoxylin.  Finally,  blood 
vessels  in  15  fields  were  counted,  averaged,  divided  by  the  tumor  volume,  and 
plotted.  For  PCNA  staining,  tissue  sections  were  incubated  for  60  min  at  room 
temperature  with  a  1:200  dilutions  of  anti-PCNA  antibody  (Signet  Laborato¬ 
ries,  Inc.,  Dedham,  MA).  Detection  was  carried  out  according  to  the  manu¬ 
facturer’s  recommendations  using  the  USA  horseradish  peroxidase  system 
(Signet).  Finally,  the  slides  were  counterstained  with  hematoxylin.  Staining  for 
fibronectin  and  type  IV  collagen  was  performed  using  polyclonal  anti- 
fibronectin  (Sigma)  at  a  dilution  of  1:500  and  anti-type  IV  collagen  (ICN, 
Costa  Mesa,  CA)  at  a  dilution  of  1:100.  The  Vectastain  Elite  ABC  kit  (Vector 
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Laboratories,  Burlingame,  CA)  was  used  for  detection  according  to  the 
manufacturer’s  recommendations. 

Scatchard  Analysis.  Scatchard  analysis  was  performed  as  described  pre¬ 
viously  (19).  Briefly,  CPAE  cells  were  plated  on  a  96-well  plate  (10,000  cells 
per  well)  in  DMEM  with  10%  FCS  and  grown  to  confluence.  The  cells  were 
then  washed  with  ice-cold  PBS  and  incubated  with  180  pmol  of  I-arresten 
with  and  without  increasing  concentrations  of  unlabeled  arresten  ranging  from 
150  pmol  to  100  nmol  comprising  a  total  of  27  data  points.  The  cells  were 
incubated  with  this  mixture  for  2  h  at  4°C.  Then,  the  cells  were  washed  with 
ice-cold  PBS  and  extracted  with  1  N  NaOH,  and  radioactivity  was  measured  in 
a  scintillation  counter. 

ELISA  for  HSPG.  Direct  ELISA  was  performed  as  described  previously 
(9).  HSPG  (100  ng;  Sigma)  was  coated  on  a  96-well  plate  in  triplicate  in  a 
2-fold  molar  excess  of  binding  proteins  arresten,  bFGF,  and  BSA.  Binding  was 
established  with  antibodies  to  bFGF,  arresten,  and  BSA.  The  ELISA  was 
developed  with  an  alkaline  phosphatase  secondary  antibody  and  read  in  a  plate 
reader  at  absorbance  of  405  nm. 

Cell  Adhesion  Assay.  Ninety-six-well  plates  were  coated  with  human 
arresten  or  human  type  IV  collagen  (Collaborative  Biomolecules,  Bedford, 
MA)  at  a  concentration  of  10  pig/ml  or  human  vitronectin  at  0.5  /r-g/ml 
overnight  at  37°C.  The  remaining  protein  binding  sites  were  blocked  with  10% 
BSA  (Sigma)  in  PBS  for  2  h  at  37°C.  HUVECs  were  grown  to  subconfluence 
(70-80%)  in  EGM-2  MV  medium  (Clonetics).  The  cells  were  gently 


trypsinized  and  resuspended  in  serum-free  medium  (1.5  X  105  cells/ml).  The 
cells  were  then  mixed  with  10  /xg/ml  antibody  and  incubated  for  15  min  with 
gentle  agitation  at  room  temperature.  Next,  100  /xl  of  the  cell  suspension  were 
added  to  each  well,  and  the  plate  was  incubated  for  45  min  at  37°C  with  5% 
C02.  Unattached  cells  were  removed  by  washing  with  serum-free  medium,  and 
attached  cells  were  counted.  Control  mouse  IgG  and  mouse  monoclonal 
antibody  to  the  human  j3j  integrin  subunit  (clone  P4C10)  were  purchased  from 
Life  Technologies.  Monoclonal  antibodies  to  the  ax  integrin  subunit  (clone 
CD49a),  the  a6  subunit,  the  av  subunit,  and  (LM609)  were  purchased 
from  Chemicon  International  (Temecula,  CA). 

RESULTS 

Human  arresten  was  produced  in  E.  coli  using  a  bacterial  expres¬ 
sion  plasmid,  pET-22b  (capable  of  periplasmic  transport,  thus  result¬ 
ing  in  soluble  protein)  as  a  fusion  protein  with  a  COOH-terminal 
6-histidine  tag.  The  E.  coli-tx pressed  protein  was  isolated  predomi¬ 
nantly  as  a  soluble  protein,  and  SDS-PAGE  analysis  revealed  a 
monomeric  band  at  29  kDa.  The  additional  3  kDa  arise  from 
polylinker  and  histidine  tag  sequences  and  were  immuno detected  by 
both  arresten  and  6-histidine  tag  antibodies  (Fig.  1,  a  and  b ).  Human 
arresten  was  also  produced  as  a  secreted  soluble  protein  in  293 


Fig.  1.  Recombinant  production  of  arresten  in  E. 
coli:  expression  in  pET22b(+)  bacterial  plasmid,  a, 
SDS-PAGE  Coomassie  Blue  staining;  b,  immuno- 
blot  analysis;  MW,  molecular  weight  marker;  Lane 
J,  uninduced  cells;  Lane  2,  induced  cells;  Lane  3, 
unbound  fraction;  Lane  4,  10  mM  imidazole  wash; 
Lane  5,  25  mM  imidazole  wash;  Lane  6,  50  mM 
imidazole  eluted  protein;  Lane  7,  125  mM  imidazole 
eluted  protein;  Lane  8,  250  mM  imidazole  eluted 
protein;  Lane  9,  reducing  conditions  (10%  /3- 
mercaptoethanol).  Five  micrograms  of  protein  were 
loaded  in  each  lane.  Embryonic  kidney  cells  (293) 
that  expressed  arresten-containing  supernatant  were 
subjected  to  affinity  chromatography  using  ar- 
res ten-specific  antibodies  (14).  A  major  peak  was 
identified,  containing  a  monomer  of  —30  kDa  that 
was  immunoreactive  with  arresten  antibodies  (c  and 
d).  d,  MW,  molecular  weight  marker;  Lane  1 ,  un¬ 
concentrated  supernatant;  Lane  2,  minor  peaks  from 
region  2  in  C;  Lane  3,  major  peak  3.  SDS-PAGE 
analysis  revealed  a  single  major  band  at  —30  kDa 
(data  not  shown).  We  were  able  to  generate  1-2  mg 
of  recombinant  human  arresten  in  1  liter  of  culture 
fluid.  Arresten  isolated  from  human  placenta  is 
shown  as  a  representative  reverse  phase  profile  (e). 
One  major  peak  and  a  second  peak  with  shoulders 
were  observed  when  constituent  proteins  were  re¬ 
solved  using  an  acetonitrile  gradient  (32-39%). 
SDS-PAGE  analysis  revealed  two  bands  in  the  first 
peak  and  no  detectable  proteins  in  the  second  peak 
(data  not  shown).  Immunoblotting  identified  ar- 
resten  in  peak  1;  however,  no  immunodetectable 
protein  was  observed  in  area  2  or  peak  3  (e  and  f). 
f,  MW.  molecular  weight  marker;  Lane  1,  peak  1; 
Lane  2.  peak  2;  Lane  3 ,  peak  3. 
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embryonic  kidney  ceils  using  the  pcDNA  3.1  eukaryotic  vector.  This 
recombinant  protein  (without  any  purification  or  detection  tags)  was 
isolated  using  affinity  chromatography,  and  a  pure  monomeric  form 
was  detected  in  the  major  peak  by  SDS-PAGE  and  immunoblot 
analyses  (Fig.  1,  c  and  d).  In  addition,  human  arresten  was  isolated 
from  human  placenta  by  gel  filtration,  HPLC,  and  affinity  chroma¬ 
tography  techniques;  a  26-kDa  molecule  was  detected  by  SDS-PAGE 
and  immunoblot  analyses  (Fig.  1,  e  and  f). 

In  assays  of  endothelial  cell  proliferation,  a  dose-dependent 
inhibition  of  bFGF-stimulated  endothelial  cells  was  detected,  with 
an  ED50  value  of  0.25  pcg/ml  (Fig.  2a)  using  E.  coli- produced 
soluble  protein.  These  results  support  earlier  observations  that  a: 
and  ct2  type  IV  collagen  isolated  from  the  Engelbreth-Holm-Swarm 
mouse  sarcoma  tumor  may  be  inhibitory  to  capillary  endothelial 
cells  (5).  No  significant  effect  was  observed  on  the  proliferation  of 
renal  carcinoma  cells  (786-0;  data  not  shown),  prostate  cancer  cells 


(PC-3)  or  HPECs,  even  at  arresten  doses  of  up  to  50  /xg/ml  (Fig.  2, 
c  and  d).  In  contrast,  endostatin  inhibited  CPAE  cell  proliferation 
with  an  ED50  value  of  0.75  jug/ml,  3-fold  higher  than  arresten,  and 
did  not  inhibit  A-498  cancer  cells  (data  not  shown;  Ref.  15).  Cell 
cycle  analysis  was  also  performed  using  FACScan  technology  to 
assess  the  antiproliferative  properties  of  arresten  in  the  presence  of 
VEGF.  We  observed  a  decrease  in  the  number  of  CPAE  cells  in 
S-phase  in  the  presence  of  arresten.  These  results  correlate  with 
thymidine  incorporation  proliferation  assays  described  above 
(Fig.  2b). 

When  mouse  aortic  endothelial  cells  are  cultured  on  Matrigel,  a 
solid  gel  of  mouse  basement  membrane  proteins,  they  rapidly  align 
and  form  hollow  tube-like  structures  (20).  Arresten,  produced  in  293 
cells,  selectively  inhibited  endothelial  tube  formation  in  a  dose- 
dependent  manner  (Fig.  2, /and  h).  Similar  results  were  also  obtained 
using  E.  co/z-produced  arresten  (data  not  shown).  The  7S  domain  of 


Fig.  2.  Inhibition  of  endothelial  cell  prolifera¬ 
tion.  CPAE  ( a  and  e)  cells  and  control  nonendo- 
thelial  cells,  PC-3  cells  (c)  and  HPECs  (d),  were 
treated  with  concentrations  of  arresten  or  endosta¬ 
tin  ranging  from  0.01  to  50  p-g/ml.  All  wells  re¬ 
ceived  1  p.Ci  of  [3H]thymidine  at  the  time  of  treat¬ 
ment.  Thymidine  incorporation  was  measured 
using  a  scintillation  counter.  All  groups  represent 
triplicate  samples,  b,  cell  cycle  analysis.  Growth- 
arrested  CPAE  cells  were  treated  with  concentra¬ 
tions  of  arresten  ranging  from  0.1  to  20  p,g/m 1.  The 
cells  were  stimulated  with  5  ng/ral  VEGF, 
trypsinized,  and  harvested  after  18  h.  The  VEGF 
(— )  value  is  the  percentage  of  cells  in  S-phase  at 
the  beginning  of  the  experiment,  f-f i,  endothelial 
tube  assay  with  mouse  aortic  endothelial  cells.  Ten 
fields  were  viewed,  and  tubes  were  counted  and 
averaged  (/).  Well-formed  tubes  can  be  observed  in 
g  treated  with  7S  domain  control  (magnification, 
X  100).  Arresten-treated  (0.8  p,g/ml)  mouse  aortic 
endothelial  cells  (magnification,  X 100)  are  shown 
in  h. 
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type  IV  collagen  (NH2-terminal  noncollagenous  domain)  had  no 
effect  on  endothelial  tube  formation  (Fig.  2 g).  Maximum  inhibition 
with  arresten  was  attained  between  0.8  and  1  /xg/ml  (Fig.  2 f). 

To  test  the  in  vivo  effect  of  arresten  on  the  formation  of  new 
capillaries,  we  performed  a  Matrigel  plug  assay  in  mice  (21).  Matrigel 
was  placed  in  the  presence  of  bFGF,  with  or  without  increasing 
concentrations  of  arresten.  A  50%  reduction  in  the  number  of  blood 
vessels  was  observed  at  1  /xg/ml  arresten  and  10  jig/ml  endostatin 
(Fig.  3a).  Collectively,  these  results  suggest  that  arresten  affects  the 
formation  of  new  blood  vessels  by  inhibiting  more  than  one  step  in  the 
angiogenic  process. 

To  assess  the  effect  of  arresten  on  metastasis,  1  X  10  MC38/ 
MUC1  cancer  cells  were  administered  by  tail  vein  to  C57BL/6  mice 
(22).  Treatment  with  5  mg/kg  arresten  (i.p.)  was  initiated  the  follow¬ 
ing  day  and  continued  every  other  day  for  26  days.  The  results  show 
a  significant  reduction  of  pulmonary  nodules  in  arresten-treated  mice 
compared  with  the  control  group  (Fig.  3b). 

Next,  we  tested  the  effect  of  arresten  on  established  primary  tumors 


in  mice.  Arresten,  E.  coli  produced,  inhibited  the  growth  of  large  (Fig. 
3c)  and  small  (Fig.  3d)  renal  cell  carcinoma  tumors.  In  experiments 
performed  with  PC-3  human  prostate  tumors  in  mice,  arTesten  at  10 
mg/kg  inhibited  tumor  growth  similar  to  endostatin  at  20  mg/kg  (Fig. 
3e).  A  similar  degree  of  inhibition  was  observed  with  arresten  admin¬ 
istered  at  4  mg/kg,  and  this  inhibition  continued  for  12  days  after 
arresten  treatment  was  stopped  (Fig.  3 /).  After  12  days,  the  tumors 
escaped  the  effect  of  arresten  and  began  growing  at  the  same  rate  as 
the  controls  (data  not  shown).  A  CD-31  staining  pattern  of  treated 
(Fig.  3 h)  versus  control  (Fig.  3g)  mice  is  shown.  Blood  vessels  in  15 
high-magnification  fields  were  counted  and  averaged.  This  number 
was  divided  by  the  volume  of  the  tumor  and  averaged  (18.7  ±  6.2 
control  versus  10.5  ±  7.2  treated;  Fig.  37).  Finally,  tumor  sections 
were  stained  for  PCNA,  fibronectin,  and  type  IV  collagen.  We  found 
no  difference  in  tumor  cell  proliferation  or  in  type  IV  collagen  and 
fibronectin  content  surrounding  tumor  cells  in  the  treated  and  un¬ 
treated  mice,  again  demonstrating  the  endothelial  cell  specificity  of 
arresten  (Fig.  3 ,  j-l,  representative  arresten-treated  sections). 


Fig.  3.  Matrigel  plug  assay.  Before  injection  into  C57BL/6 
mice,  Matrigel  (Collaborative  Biomolecules)  was  mixed  with 
20  units/ml  heparin  (Pierce),  150  ng/ml  bFGF  (R&D  Sys¬ 
tems),  and  either  1  /xg/ml  arresten  or  10  jig/ml  endostatin. 
Control  groups  received  no  angiogenic  inhibitor.  After  14 
days,  plugs  were  removed,  sectioned,  and  H&E  stained,  a, 
sections  were  examined  by  light  microscopy  and  the  number 
of  blood  vessels  from  10  high-power  fields  was  counted  and 
averaged,  b ,  inhibition  of  tumor  metastases.  C57BL/6  mice 
were  injected  i.v.  with  1  million  MC38/MUC1  cells.  Controls 
(five  mice)  received  sterile  PBS,  and  the  experimental  group 
(six  mice)  received  4  mg/kg  arresten  every  other  day  for  26 
days.  Pulmonary  tumor  nodules  were  counted  for  each  mouse 
in  both  groups  and  averaged  after  26  days  of  treatment,  c—f,  in 
vivo  tumor  studies.  786-0  cells  (2  million  cells)  were  injected 
s.c.  into  7-  to  9-week-old  male  athymic  nude  mice.  The 
tumors  were  allowed  to  grow  to  700  mm^  (c)  or  ~  100  mm 
{d\  each  group  contained  six  mice).  Arresten  was  injected  i.p. 
daily  (10  or  20  mg/kg)  for  10  days  in  sterile  PBS.  The  control 
group  received  either  BSA  or  the  PBS  vehicle,  e,  human 
prostate  adenocarcinoma  cells  (PC-3)  were  harvested  and 
injected  s.c.  (5  X  106  cells)  into  7-  to  9-week-old  male 
athymic  nude  mice.  Experimental  groups  were  injected  i.p. 
daily  with  arresten  (10  mg/kg)  or  endostatin  (20  mg/kg) 
protein.  The  control  group  received  PBS  each  day.  f  this 
experiment  was  identical  to  the  above  PC-3  model,  except  the 
arresten  dosage  was  reduced  to  only  4  mg/kg/day.  The  treat¬ 
ment  was  stopped  after  8  days  (arrow);  however,  significant 
inhibition  continued  for  12  more  days  with  no  additional 
arresten  treatment.  At  this  point,  tumors  escaped  the  effect  of 
arresten  (data  not  shown).  £-/.  immunohistochemistry.  Mice 
were  sacrificed  after  10-20  days  of  arresten  treatment.  Tu¬ 
mors  were  excised,  and  3  p.m-sections  were  mounted  on  glass 
slides.  CD-31  staining  of  blood  vessels  is  shown  in  a  control 
mouse  (g)  and  an  arresten-treated  mouse  ( h ).  i,  CD-31  blood 
vessel  quantification  for  arresten-treated  and  control-treated 
tumors.  For  PCNA  staining,  tissue  sections  were  incubated 
for  60  min  at  room  temperature  with  a  1:200  dilution  of 
anti-PCNA  antibody.  Detection  was  carried  out  according  to 
the  manufacturer’s  recommendations  using  the  USA  horse¬ 
radish  peroxidase  system.  The  PCNA  staining  is  shown  in  j 
(arrows).  Staining  for  fibronectin  and  type  IV  collagen  was 
performed  using  polyclonal  anti-fibronectin  at  a  dilution  of 
1:500  and  anti-type  IV  collagen  at  a  dilution  of  1:100.  The 
Vectastain  Elite  ABC  kit  was  used  for  detection  according  to 
the  manufacturer’s  recommendations.  Fibronectin  staining  is 
shown  in  k  (arrows),  and  type  IV  collagen  staining  is  shown 
in  l  (arrows). 
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Fig.  4.  Scatchard  analysis,  a,  binding  analysis  of 
arresien  to  endothelial  (CPAE)  cells.  There  are  two 
curves  represented  showing  high-  and  low-affinity 
arresten  receptors,  b ,  HSPG  direct  ELISA.  HSPG 
was  coated  on  a  96-well  plate,  and  binding  to 
bFGF,  arresten,  or  BSA  was  assessed  as  described 
in  "MATERIALS  AND  METHODS.”  c-e,  cell 
adhesion  assay.  HUVECs  were  preincubated  with 
an  integrin  antibody  and  plated  on  arresten-coated 
(c),  collagen  type  IV-coated  ( d ),  or  vitronectin- 
coated  (e)  plates.  The  amount  of  cell  binding  was 
compared  with  the  control  (c),  which  is  HUVECs 
incubated  with  a  control  mouse  IgG.  We  observed 
an  inhibition  of  60%  in  cell  adhesion  for  the 
subunit  and  a  70%  inhibition  for  the  subunit  (c 
and  d). 


To  gain  further  insight  into  the  anti-angiogenic  mechanism  of 
action  of  arresten,  we  studied  its  binding  to  endothelial  cells.  Iodi- 
nated  human  placenta  arresten  was  incubated  with  CPAE  cells,  and  a 
Scatchard  analysis  was  performed  (19).  Our  data  revealed  two  differ¬ 
ent  binding  sites  (Fig.  4a).  The  high-affinity,  low-capacity  binding  site 
has  a  Kdi  value  of  8.5  X  10“ 11  M  and  a  maximum  number  of  binding 
sites  of  3  X  106  sites  per  cell.  The  other  low-affinity,  high-capacity 
binding  site  has  a  Kd^  value  of  4.6  X  10“ 8  m  and  a  maximum  number 
of  binding  sites  of  6  X  107  sites  per  cell.  It  has  been  shown  that  HSPG 
binds  the  aL  NCI  domain  of  type  IV  collagen  (23).  Also,  recent 
studies  have  speculated  that  ac1/31  and  a2/3l  integrins  bind  to  type  IV 
collagen  isolated  from  the  Engelbreth-Holm-Swarm  mouse  sarcoma 
tumor  (24). 

We  assessed  the  capacity  of  arresten  to  mediate  endothelial  cell 
binding  via  al^l  and  a2Pi  integrins.  Our  results  show  that  function¬ 
ally  blocking  al  and  f3l  integrin  subunit  antibodies  significantly 
diminish  the  binding  of  HUVECs  to  arresten-coated  culture  wells 
(Fig.  4c).  We  found  an  inhibition  of  endothelial  cell  attachment  to 
arresten-coated  plates  of  60%  with  ax  antibody  and  70%  with  j3L 
integrin  antibody.  The  control  a6  integrin  antibody  showed  no  binding 
inhibition  to  arresten.  The  av/33  antibody  did  not  inhibit  endothelial 
cell  binding  to  arresten  but  increased  binding  (Fig.  4c).  On  the  other 
hand,  with  type  IV  collagen-coated  plates,  we  observed  an  inhibition 
of  30%  with  au  40%  with  jSj,  and  15%  with  aj 33  neutralizing 
antibodies  (Fig.  4 cf).  Again,  the  a6  neutralizing  antibody  had  no  effect 
on  binding.  We  speculate  that  the  difference  in  cell  adhesion  between 
arresten  and  type  IV  collagen-coated  plates  in  the  presence  of  ax  and 
JSj  integrin  antibodies  is  due  to  additional  integrin  binding  sites  on  the 
entire  type  IV  collagen  molecule  in  comparison  with  arresten,  which 
may  contain  a  single  integrin  binding  site  (Fig.  4,  c  and  d).  To 
demonstrate  the  efficiency  of  the  av/33  neutralizing  antibody,  we 
performed  a  control  adhesion  experiment  with  its  ligand,  vitronectin 
(Fig.  4c).  The  neutralizing  av/33  and  av  antibodies  were  able  to 
inhibit  endothelial  cell  binding  to  vitronectin  by  60  and  90%,  respec¬ 
tively. 

HSPG  binding  to  arresten  was  assessed  by  ELISA.  ELISA  plates 
were  coated  with  HSPG  and  incubated  with  arresten,  bFGF,  or  BSA. 


Our  results  show  that  HSPG  binds  both  arresten  and  bFGF  as  reported 
earlier  (Ref.  23;  Fig.  4b).  Taken  together  in  conjunction  with  earlier 
reports  (23),  these  results  suggest  that  arresten  may  be  binding  HSPG 
on  the  cell  surface  (Fig.  4,  a  and  b ). 

DISCUSSION 

We  propose  that  the  molecular  mechanism  associated  with  the 
tumor-suppressing  activity  of  arresten  as  well  as  the  specific 
inhibition  of  endothelial  cell  proliferation  and  migration  by  ar¬ 
resten  may  be  mediated  by  the  aipl  integrin.  These  results  suggest 
that  binding  of  arresten  to  alfil  may  down-regulate  VEGF-induced 
proliferation  and  migration  of  endothelial  cells,  as  suggested  pre¬ 
viously  by  VEGF-induced  expression  of  integrin  on  endo¬ 
thelial  cells  (25). 

In  support  of  our  findings,  it  has  been  shown  that  ax  integrin 
neutralizing  antibodies  can  suppress  angiogenesis  in  vivo  (24).  Among 
the  collagen  integrins,  a1j3l  activates  the  Ras-Shc-mito gen- activated 
protein  kinase  pathway,  promoting  cell  proliferation  (26).  Our  studies 
suggest  that  arresten  may  be  antagonizing  this  effect  in  endothelial 
cells.  In  addition,  Pozzi  et  al.  (27)  recently  described  decreased 
angiogenesis  in  tumor-bearing  a{  integrin-deficient  mice. 

Whether  arresten  functions  by  suppressing  the  activity  of  VEGF 
and/or  bFGF  directly  remains  to  be  elucidated.  Future  comparative 
studies  with  other  recently  discovered  inhibitors  such  as  restin,  tro¬ 
ponin  1,  kringle  5,  pigment  epithelium-derived  factor,  and  vasostatin 
will  also  be  very  insightful  in  establishing  the  unique  anti-angiogenic 
property  of  arresten  (28-30). 
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Angiostatin  is  an  inhibitor  of  tumor  angiogenesis 
that  induces  regression  of  experimental  tumors  and 
enhances  the  antitumor  effects  of  radiation  therapy. 
We  report  that  the  cytotoxic  effects  of  angiostatin  are 
restricted  to  the  proliferating  endothelial  cell  popula¬ 
tion.  In  addition,  angiostatin  and  ionizing  radiation 
(IR)  interact  by  inducing  death  of  dividing  endothelial 
cells.  We  also  show  that  angiostatin  and  IR  interact  to 
inhibit  endothelial  cell  migration.  These  findings  dem¬ 
onstrate  that  angiostatin  targets  the  proliferating  tu¬ 
mor  vasculature  and  provide  a  mechanistic  basis  for 
the  cytotoxic  interaction  of  angiostatin  and  IR.  ©  2000 

Academic  Press 


Angiogenesis  is  an  important  component  of  normal 
physiological  processes  such  as  wound  healing  and  de¬ 
velopment,  and  is  a  key  regulator  of  chronic  inflamma¬ 
tion  and  tumorigenesis  (1,  2).  Tumor  angiogenesis  has 
recently  received  much  attention  as  a  potential  thera¬ 
peutic  focus  in  cancer  treatment  (3,  4).  Tumors  can 
usually  achieve  a  size  of  only  1-2  mm  before  angiogen¬ 
esis  is  required.  Also,  tumor  vessels  are  derived  from 
normal  endothelial  cells  that  are  genetically  stable  and 
are  unlikely  to  become  resistant  to  agents  employed  in 
cancer  therapy  (5,  6).  Therefore,  inhibition  of  angiogen¬ 
esis  is  hypothesized  to  be  important  in  the  treatment  of 
both  primary  tumors  and  metastases. 

Several  naturally  occurring  proteins  produced  by 
neoplasms  regulate  tumor  blood  vessel  growth  as  pos¬ 
itive  and  negative  regulators  of  angiogenesis.  An¬ 
giostatin,  the  first  of  the  naturally  occurring  antiangio- 
genic  molecules  described,  is  a  cleavage  product  that 
includes  the  first  four-kringle  domains  of  plasminogen 
(7,  8).  Angiostatin  derived  from  mice  bearing  Lewis 

1  Contributed  equally  to  this  work. 


lung  carcinoma  tumors  (LLC)  has  been  shown  to  sup¬ 
press  the  growth  of  both  primary  and  metastatic  tu¬ 
mors  (9,  10).  More  recently,  recombinant  angiostatin 
and  angiostatin  delivered  as  gene  therapy  have  been 
shown  to  inhibit  primary  and  metastatic  tumor  growth 
in  a  variety  of  models  (11-13).  However,  experiments 
to  date  have  yielded  little  insight  into  the  mechanism 
of  action  of  angiostatin.  In  vitro  studies  examining  the 
effects  of  angiostatin  on  endothelial  cells  demonstrate 
inhibition  of  endothelial  cell  growth  and  migration. 
One  report  indicated  that  angiostatin  binds  ATP  syn¬ 
thetase  (14),  while  other  reports  suggest  that  induction 
of  cell  cycle  arrest  and  apoptosis  are  responsible  for  the 
effects  of  angiostatin  on  endothelial  cells  (13,  15,  16). 
Angiostatin  has  also  been  reported  to  interact  with 
ionizing  radiation  (IR)  to  induce  greater  antitumor  ef¬ 
fects  than  either  treatment  alone  and  without  added 
toxicity  (17). 

Here  we  report  that  angiostatin  induces  clonogenic 
death  in  endothelial  cell  lines  from  different  species  by 
a  mitotic  rather  than  apoptotic  mode  of  cell  death.  We 
demonstrate  that  angiostatin  is  preferentially  cyto¬ 
toxic  to  proliferating  endothelial  cells  and  exhibits  a 
cytotoxic  interaction  with  IR  in  the  proliferating  endo¬ 
thelial  cell  population.  We  also  report  that  angiostatin 
interacts  with  IR  to  inhibit  endothelial  cell  migration. 

MATERIALS  AND  METHODS 

Cell  culture.  Human  umbilical  vein  endothelial 
cells  (HUVEC),  human  aortic  endothelial  cells  (HAEC), 
and  EGM-2  growth  medium  were  purchased  from 
Clonetics  Corporation  (BioWhittaker,  Walkersville, 
MD).  Bovine  aortic  endothelial  cells  (BAEC)  and 
growth  medium  were  purchased  from  Cell  Applica¬ 
tions,  Inc.  (San  Diego,  CA).  The  plating  and  passaging 
of  cells  was  performed  using  the  manufacturer’s  in¬ 
structions,  The  endothelial  cells  used  for  experimenta¬ 
tion  were  from  passage  4  to  9. 
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Angiostatin  production.  Murine  angiostatin  was 
cloned  and  expressed  using  a  yeast  expression  system. 
Briefly,  a  cDNA  encoding  mouse  plasminogen,  ob¬ 
tained  from  ATCC,  was  amplified  using  Vent  DNA 
polymerase.  The  primers  employed  were  designed  with 
the  appropriate  restriction  sites  to  permit  cloning  di¬ 
rectly  into  the  yeast  shuttle  plasmid  pPICZoA,  con¬ 
taining  EcoRl  and  Notl  restriction  sites.  This  vector 
permitted  secretion  of  the  recombinant  protein  into  the 
culture  medium.  Positive  clones  were  grown  in  25  ml 
BMGY  medium  containing  100  pg/ml  Zeocin  at  30°C 
for  18-24  h.  The  overnight  grown  culture  (A600,  2-6) 
was  used  to  inoculate  2-liter  flasks  containing  500  ml  of 
buffered  glycerol  medium.  Cells  were  grown  for  2  days 
at  30°C  (A600,  16-20),  then  centrifuged  at  500  rpm  for 
10  min,  and  resuspended  in  300-400  ml  of  buffered 
methanol  induction  medium.  The  cell-free  supernatant 
was  harvested  on  days  2,  3,  and  4  and  concentrated 
using  ammonium  precipitation  (70%)  dissolved  in  50 
mM  phosphate  buffer,  pH  7.4,  and  dialyzed  at  4°C. 
Protein  purification  was  performed  using  a  lysine- 
Sepharose  4B  column  (Pharmacia)  equilibrated  with 
50  mM  phosphate  buffer,  pH  7.4.  Recombinant  an¬ 
giostatin  was  eluted  with  0.2  M  c-amino-V-caproic 
acid,  pH  7.4  at  4°C  with  3  changes  at  6-8  h.  The 
dialyzed  sample  was  further  concentrated  by  ultrafil¬ 
tration  using  an  Amicon  concentrator  (YM  10).  Protein 
concentration  was  determined  using  the  micro  BCA 
assay  (Bio-Rad). 

Clonogenic  assay.  For  angiostatin  dose— response 
experiments,  200-1000  HUVEC,  HAEC,  and  BAEC 
were  plated  in  100-mm  tissue  culture  dishes.  The 
VEGF  normally  present  in  the  growth  medium  was 
replaced  with  10  ng/ml  VEGF  purchased  from  R&D 
Systems  (Minneapolis,  MN).  Eighteen  hours  after  plat- 
in&  0,  1,  10,  100,  and  1000  ng/ml  angiostain  was  added. 
For  X-ray  survival  analysis,  200-20,000  HUVEC, 
HAEC,  and  BAEC  were  plated  in  100-mm  tissue  cul¬ 
ture  dishes.  Eighteen  hours  after  plating,  cells  were 
irradiated  with  100-900  cGy  using  a  GE  Maxitron 
X-ray  generator  operating  at  250  kV,  26  mA,  with  a 
0.5-mm  copper  filter,  at  a  dose  rate  of  118  cGy/min.  For 
the  combined  experiments,  200-20,000  HUVEC, 
HAEC,  and  BAEC  were  plated,  in  100  mm  tissue  cul- 
ture  dishes.  Eighteen  hours  after  plating  0,  1, 10,  100, 
and  1000  ng/ml  angiostatin  was  added.  Four  hours 
after  the  addition  of  angiostatin  the  cells  were  treated 
with  100-900  cGy.  For  all  experiments,  cultures  were 
returned  to  the  incubator  for  14—17  days,  after  which 
they  were  stained  with  crystal  violet,  colonies  were 
counted,  and  the  surviving  fraction  was  determined. 
Colonies  containing  >50  cells  were  scored  as  positive. 

Apoptosis  assays.  Based  on  the  results  reported  by 
Chmura  (18),  we  chose  the  7-AAD  staining  method  for 
the  quantitation  of  apoptosis.  7-AAD  staining  was  per¬ 
formed  as  follows.  HUVEC  (105  cells)  were  plated  in 
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60-mm  tissue  culture  dishes  and  allowed  to  grow  for  2 
days.  The  cultures  were  treated  with  1000  ng/ml  an¬ 
giostatin,  1000  cGy,  or  the  combination  of  1000  ng/ml 
angiostatin  followed  4  h  later  with  1000  cGy.  Cells 
were  harvested  for  7-AAD  staining  at  0,  12,  24,  and 
48  h  after  treatment  by  collecting  the  medium  and  then 
disaggregating  the  adherent  cells  with  trypsin/EDTA 
and  transferred  to  collection  tube  containing  the  me¬ 
dium  and  all  washes.  The  dish  was  rinsed  with  PBS/1% 
fetal  bovine  serum/0.05%  sodium  azide  solution  and 
added  to  the  collection  tube.  Cells  were  centrifuged  at 
1200  RPM  for  5  min.  The  supernatant  was  discarded 
and  the  cells  washed  once  with  PBS/1%  FBS/0.05% 
sodium  azide  solution.  The  cells  were  centrifuged  and 
the  supernatant  and  excess  liquid  discarded.  The  pellet 
was  loosened  by  flicking  the  tube  and  resuspended  in 
500  pi  7-AAD  (20  pg/ml).  The  cells  were-stained  on  ice 
for  30  min  after  which  the  samples  were  transferred  to 
FACS  tubes  and  analyzed  immediately  using  a  Becton 
Dickinson  FACScan  analyzer. 

Endothelial  cell  migration  assay.  HUVEC  were  cul¬ 
tured  in  EGM-2  as  per  the  manufacturer’s  instruc¬ 
tions.  To  measure  migration,  cells  were  starved  over¬ 
night  in  minimal  growth  medium  containing  0.1% 
BSA.  Cells  in  angiostatin  treatment  group  were  ex¬ 
posed  to  100  ng/ml  angiostatin  for  4  h.  The  IR  treated 
and  the  angiostatin/IR  combination  cultures  were  then 
irradiated  with  900  cGy.  The  cells  were  then  har¬ 
vested,  suspended  in  minimal  growth  medium  with 
0.1%  BSA  (containing  100  ng/ml  angiostatin  in  the 
angiostatin  treated  wells),  and  plated  at  7  x  10s  per 
well  on  the  lower  surface  of  a  gelatinized  5.0-pm  filter 
(Nucleopore  Corp.,  Pleasanton,  CA)  in  an  inverted 
modified  Boyden  chamber  as  previously  described  (19). 
After  1-2  h  at  37°C,  during  which  time  the  cells  adhere 
to  the  filter,  the  chamber  was  reinverted,  medium  con¬ 
taining  20  ng/ml  VEGF  was  added  to  the  top  well,  and 
the  chamber  was  incubated  for  16  h  at  37°C.  The  cham¬ 
bers  were  then  disassembled,  and  the  filters  fixed  and 
stained  with  Diff-Quick  Stain  Set  (Dade  International, 
Inc.,  Miami,  FL).  Migration  was  scored  as  the  total 
number  of  cells  that  migrated  to  the  top  of  the  mem¬ 
brane  as  counted  in  10  high  power  fields. 

RESULTS  AND  DISCUSSION 

Endothelial  Cell  Killing  Mediated  by  Angiostatin 

We  previously  reported  the  results  of  human  umbil¬ 
ical  vein  endothelial  cells  (HUVEC)  and  human  aortic 
endothelial  cells  (HAEC)  treated  with  10  and  100 
ng/ml  angiostatin  in  combination  with  IR  (0,  100,  200, 
and  900  cGy)  (17).  We  have  extended  the  investigation 
of  the  clonogenic  survival  of  proliferating  HUVEC, 
HAEC,  and  bovine  aortic  endothelial  cells  (BAEC)  fol¬ 
lowing  exposure  to  angiostatin  at  concentrations  rang¬ 
ing  from  1  to  1000  ng/ml.  Figure  1  demonstrates  a 
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FIG.  1.  Clonogenic  survival  of  HUVEC  (A),  HAEC  (B),  and  BAEC  (C)  following  exposure  to  0,  1,  10,  100,  and  1000  ng/ml  angiostatin 
(mean  ±  SEM  of  three  experiments). 


steep  initial  cytotoxic  effect  of  angiostatin  on  all  three 
endothelial  cell  lines  at  1-10  ng/ml.  These  cytotoxic 
effects  plateau  at  100  ng/ml  and  remain  unchanged  to 
1000  ng/ml  angiostatin.  Maximum  clonogenic  cell 
death  mediated  by  angiostatin  ranges  between  40  and 
50%.  Cell  growth  was  inhibited  (27  and  35%  in  two 
experiments)  in  HUVEC  2  days  after  the  addition  of 
100  ng/ml  angiostatin.  No  changes  in  any  cell  cycle 
compartment  were  noted  in  the  angiostatin-treated  en¬ 
dothelial  cells  when  compared  with  untreated  controls 
(data  not  shown).  To  investigate  the  possibility  of  an¬ 
giostatin  causing  anoikis  (the  detachment  from  the 
extracellular  matrix  resulting  in  apoptosis)  in  endothe¬ 
lial  cells,  exponentially  growing  HUVEC  had  the  me¬ 
dium  removed  (eliminating  all  floating  cells)  and  fresh 
medium  containing  100  ng/ml  angiostatin  added.  3.5 
hours  later,  the  culture  flask  was  rapped  sharply  on 
the  bench  and  the  detached  cells  collected.  The  cells 
were  centrifuged  and  the  angiostatin-containing  me¬ 
dium  discarded.  The  detached  cells  were  resuspended 
and  plated  in  fresh  medium  in  100-mm  tissue  culture 
dishes  and  returned  to  the  incubator  for  14  days.  Three 


times  as  many  colonies  (each  colony  derived  from  a 
viable,  single  cell  that  had  detached)  were  present  in 
the  angiostatin-treated  HUVEC  when  compared  to  un¬ 
treated  control.  These  results  suggest  that  angiostatin 
affects  the  attachment  and  motility  of  endothelial  cells 
and  thereby  decreases  their  ability  to  migrate,  but  does 
not  result  in  apoptosis.  These  data  demonstrate  that 
angiostatin-mediated  cytotoxicity  is  not  a  result  of 
anoikis. 

To  determine  whether  angiostatin  is  cytotoxic  to 
nonproliferating  or  proliferating  endothelial  cells,  pla¬ 
teau  phase  cultures  of  BAEC  were  treated  with  100 
ng/ml  angiostatin  for  4  and  28  h  and  the  surviving 
fractions  assessed  by  colony  formation.  85%  of  the  cells 
were  in  the  G!  phase  of  the  cell  cycle  as  determined  by 
FACS  analysis.  At  4  h  untreated  control  cultures  dem¬ 
onstrated  a  surviving  fraction  of  0.27  ±  0.026,  while 
the  culture  treated  with  100  ng/ml  angiostatin  had  a 
surviving  fraction  of  0.21  ±  0.115.  At  28  h,  the  un¬ 
treated  controls  had  a  surviving  fraction  of  0.256  ± 
0.021  and  the  culture  treated  with  100  ng/ml  had  a 
surviving  fraction  of  0.326  ±  0.236  (mean  ±  SEM  of 
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FIG.  2.  X-ray  survival  ±  angiostatin  in  (A)  HUVEC,  (B)  HAEC,  and  (C)  BAEC.  •,  control;  O,  100  ng/ml  angiostatin;  ▼,  1000  ng/ml 
angiostatin. 


two  experiments).  These  results  indicate  that  angiosta¬ 
tin  has  little  if  any  cytotoxic  effect  on  noncycling  pla¬ 
teau  phase  cells. 

To  investigate  a  potential  cytotoxic  interaction  be¬ 
tween  angiostatin  and  IR  in  endothelial  cells,  we  per¬ 
formed  X-ray  survival  analysis  (100-900  cGy)  in  the 
presence  of  0,  1,  10,  100,  and  1000  ng/ml  angiostatin. 
An  additive  cytotoxic  interaction  between  angiostatin 
and  IR  at  100  and  1000  ng/ml  angiostatin  was  demon¬ 
strated  (Fig.  2)  in  exponentially  growing  HUVEC, 
HAEC,  and  BAEC.  By  contrast,  treatment  of  confluent 
BAEC  cultures  with  100  ng/ml  angiostatin  and  700 
cGy  demonstrated  that  there  was  no  difference  in  sur¬ 
vival  of  angiostatin-treated  plateau  phase  (Gx)  cells 
when  compared  to  cells  treated  with  IR  alone  (data  not 
shown).  These  data  suggest  that  radiation  interacts 
with  angiostatin  predominantly  in  dividing  endothelial 
cells. 

Previously,  we  reported  no  increase  in  apoptosis 
when  HUVEC  cultures  were  treated  with  angiostatin 
(100  ng/ml)  and  IR  (17).  Our  findings  differed  from 
those  of  another  laboratory  that  reported  an  increase 
in  apoptosis  following  exposure  of  bovine  adrenal  cor¬ 
tex  capillary  endothelial  cells  to  2.5  pg/ml  angiostatin 
(20).  We,  therefore,  increased  the  angiostatin  concen¬ 


tration  10-fold  to  1000  ng/ml  to  assess  apoptosis  in 
HUVEC  in  the  present  study.  We  employed  7-AAD 
staining  and  FACS  analysis  to  evaluate  apoptosis.  To 
investigate  the  cytotoxic  interaction  of  angiostatin  and 
IR,  HUVEC  were  treated  with  1000  ng/ml  angiostatin, 
1000  cGy,  or  the  combination  of  1000  ng/ml  angio¬ 
statin  +  1000  cGy.  No  difference  in  percentage  of 
apoptosis  was  found  between  controls  and  angiostatin 
alone,  or  between  IR  alone  and  the  combination  of  1000 
ng/ml  angiostatin  +  IR  (Table  1).  These  data  demon¬ 
strate  that  angiostatin  induces  endothelial  cell  killing 
by  a  mechanism  other  than  apoptosis. 

Whereas  these  results  demonstrate  that  the  cyto¬ 
toxic  interaction  between  angiostatin  and  IR  is  addi¬ 
tive  in  vitro ,  previous  studies  have  shown  that  antitu¬ 
mor  effects  of  IR  and  angiostatin  are  greater  than 
additive  in  vivo  (17,  21).  We,  therefore,  investigated 
whether  angiostatin  and  IR  interact  at  the  migration 
stage  of  angiogenesis.  Our  results  demonstrate  that 
the  combination  of  angiostatin  and  IR  inhibits  endo¬ 
thelial  cell  migration  to  a  greater  degree  than  either 
treatment  alone  (Fig.  3).  Although  angiostatin  and  IR 
result  in  decreased  survival  of  endothelial  cells,  the 
migration  assays  are  completed  within  24  h  of  treat¬ 
ment  at  which  time  the  endothelial  cells  are  phenotyp- 
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TABLE  1 


Time  post-IR  (h) 

Control 

1000  ng/ml  angiostatin 

1000  cGy 

1000  ng/ml  angiostatin  +  1000  cGy 

0 

6.3 

6.5 

9.2 

6.9 

12 

11.9 

9.1 

11.8 

8.2 

24 

5.5 

3.6 

4.7 

3.7 

48 

16.7 

15.4 

18.5 

16.2 

Note.  HUVEC  were  assayed  for  %  apoptosis  by  staining  with  7-AAD  after  treatment  with  1000  ng/ml  angiostatin,  1000  cGy,  or  the 
combination  of  1000  ng/ml  angiostatin  added  4  h  prior  to  1000  cGy. 


ically  and  metabolically  functional  as  measured  by 
trypan  blue  exclusion  and  cell  cycle  analysis.  Thus,  the 
differences  in  migration  observed  are  not  a  result  of 
cell  death.  These  findings,  taken  together  with  the 
survival  data,  suggest  that  the  angiostatin/IR  interac¬ 
tion  occurs  at  both  the  proliferation  and  migration 
stages  of  angiogenesis. 

We  have  previously  reported  that  angiostatin  and  IR 
produce  a  significantly  greater  antitumor  effect  than 
either  agent  alone  without  an  increase  in  normal  tissue 
toxicity.  Histological  analysis  suggested  that  these 
agents  interacted  on  the  tumor  microvasculature  (17). 
Here  we  report  that  angiostatin  and  IR  interact  in 
proliferating  endothelial  cells  and  induce  mitotic, 
rather  than  apoptotic,  cell  death.  In  addition,  we  dem¬ 
onstrate  that  angiostatin  and  IR  have  an  additive  an- 
tivascular  interaction  at  the  migration  stage  of  angio¬ 
genesis.  The  combined  cytotoxic  and  antimigratory 
effects  of  angiostatin  and  IR  on  endothelial  cells  sup¬ 
port  a  mechanism  for  the  antitumor  interaction  of 
these  agents.  Although  the  cytotoxic  interaction  be¬ 
tween  angiostatin  and  IR  at  the  proliferation  and  mi¬ 
gration  phases  is  approximately  additive,  our  data  sug¬ 
gest  that  antiangiogenic  therapies  which  block  more 


FIG.  3.  Migration  assay  of  HUVEC.  HUVEC  were  untreated 
(control),  treated  with  1000  ng/ml  angiostatin,  9  Gy,  or  the  combi¬ 
nation  1000  ng/ml  angiostatin  +  9  Gy.  Reported  as  fraction  of  mi¬ 
grated  cells  when  compared  to  untreated  control  (mean  ±  SEM  of 
two  experiments). 


than  one  stage  of  angiogenesis  may  be  highly  effective 
when  combined  with  IR.  The  present  results  also  dem¬ 
onstrate  that  treatment  of  endothelial  cells  with  an¬ 
giostatin  has  no  detectable  effect  on  induction  of  apop¬ 
tosis.  These  findings  are  in  contrast  to  reports  that 
angiostatin  induces  endothelial  cell  apoptosis  (15).  In 
addition,  while  other  studies  have  reported  levels  of 
apoptosis  in  control  and  angiostatin-treated  endothe¬ 
lial  cells  that  are  similar  to  those  found  in  the  present 
work  (20),  our  conclusions  differ.  Our  results  suggest 
that  the  percentage  of  apoptotic  cells  following  an¬ 
giostatin  treatment  is  not  significantly  elevated  to  sup¬ 
port  a  mechanism  involving  endothelial  cell  apoptosis. 

Our  results  have  several  implications  for  cancer 
treatment.  First,  the  fraction  of  proliferating  endothe¬ 
lial  cells  in  the  tumor  microenvironment  may  deter¬ 
mine  the  efficacy  of  certain  angiogenesis  inhibitors 
when  employed  alone  or  in  combination  with  other 
cytotoxic  therapies.  Second,  different  stages  of  tumor 
angiogenesis  may  be  targeted  by  angiogenesis  inhibi¬ 
tors  when  used  in  combination  with  cytotoxic  agents. 
Our  data  also  suggest  that  angiogenesis  inhibitors 
need  not  be  potent  endothelial  cell  cytotoxins  to  be 
effective  in  clinical  cancer  treatment.  In  this  context, 
angiostatin  or  the  combination  of  angiostatin  and  IR  is 
selectively  toxic  to  a  subset  of  proliferating  endothelial 
cells. 
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PURPOSE - - - - 

The  purpose  of  this  study  was  to  evaluate  whether  endosteiin, 
an  antiangicgenic  cleavage  fragment  of  collagen  XVIII,  enhances 
the  antitumor  affects  of  ionizing  radiation  (IR).  Endostaftln  was 
Injected  to  coincide  with  fractionated  radiotherapy. 


METHODS _ _ _ _ _ — 

Xenografts  of  radioresistant  SQ-20B  tumor  cells  were  estaOllshed 
in  athymic  nude  mice,  Lewis  lung  carcinoma  cells  were  Injected 
into  C57BI/6  mice.  Mice  bearing  SQ-20B  xenografts  were  in¬ 
jected  intraperitoneally  with  2.5  mg/Kg/day  of  murine  recombi¬ 
nant  endostatin  5  times  per  week  for  2  weeks  3  hours  before  IR 
treatment  (50  Gy  total  dose).  Mice  bearing  Lewis  lune carcinoma 
tumors  were  Injected  Intraperitoneally  with  endostatin  (2.5  mg/ 
kg/day)  four  times;  the  first  injection  was  given  24  hours  before 
the  first  IR  dose  (15  Gy)  and  then  3  hours  before  IR  (15  Gy/day) 
for  3  consecutive  days.  Microvasculer  density  was  assessed  on 
tumor  tissue  sections  by  use  of  CD31  immunohistochemlstry 
and  light  microscopy.  Endothelial  cell  survival  analyses  was  em¬ 
ployed  to  evaluate  endostatin  effects  on  human  aortic  endothe¬ 
lial  cells  and  human  umbilical  vein  endothelial  cells.  Endothelial 
cell  apoptosis  was  examined  by  use  of  FACS  analysis  and  DAPI 
microscopy- 
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RESULTS _ _ _ _ _ 

In  SQ-20B  xenografts,  combined  treatment  with  endostatin  and 
IR  produced  tumor  growth  inhibition  that  was  most  pronounced 
at  the  nadir  of  regression  (day  21).  By  day  35 f  tumors  receiving 
combined  treatment  with  endostatin  and  IR  were  47%  smaller 
than  tumors  treated  with  endostatin  alone.  Interactive  cytotoxic 
treatment  effects  between  endostatin  and  !R  were  also  demon¬ 
strated  in  mice  bearing  Lewis  lung  carcinoma  tumors.  Significant 
tumor  growth  Inhibition  was  observed  in  the  endostatin/lR  group 
at  days  11  and  13  compared  with  IR  alone.  Histologic  analyses 
demonstrated  a  reduction  in  mlcrovasculor  density  after  conv 
bined  treatment  with  endostatin  and  IR  compared  with  endostatin 
treatment  alone.  Survival  analyses  confirmed  interactive  cytotox¬ 
icity  between  endostatin  and  IR  In  both  human  aortic  endothelial 
cells  and  human  umbilical  vein  endothelial  ceils  but  not  In  SO 
20B  tumor  cells.  Combined  treatment  with  endostatin  and  IR 
produced  an  increase  in  cultured  pulmonary  artery  endothelial 
apoptosis  compared  with  either  treatment  alone. 


discussion _ _ _ _ * 

The  tumor  regression  observed  after  combined  treatment  with 
endostatin  and  IR  suggests  additive  antitumor  effects  in  both 
human  and  murine  tumors.  Importantly,  the  concentrations  of 
endostatin  employed  produced  little  tumor  regression  when  en¬ 
dostatin  was  employed  as  a  single  agent.  The  results  from  the 
clonogenic  and  apoptosis  assays  support  the  hypothesis  that 
the  endothelial  compartment  is  the  target  for  the  endostatin/IR 
Interaction  (Cancer  J  2000pcxxx~xxx). 

K  E  V  •' 

Antfanpjinflenic  theraov,  ionizing  radiation,  targeting,  vasculature 


Angiogenesis,  a  critical  factor  in  early  tumor  develop¬ 
ment  is  associated  with  aggressive  behavior  of  human 
cancers.4-8  Traditional  cancer  treatments  with  chemo¬ 
therapy  and/or  radiotherapy  have  been  directed  at  ma¬ 
lignant  cell  populations  and  often  fail  to  achieve  tumor 
control’  Targeting  tumor  vasculature  with  angiogenic 
inhibitors  has  emerged  as  a  new  direction  for  cancer 
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treatment.10"12  Potential  advantages  of  employing  angio¬ 
genic  inhibitors  are  that  they  target  genetically  stable 
normal  endothelial  cells  that  are  less  likely  to  acquire 
resistance  to  cancer  therapy  agents.1’  In  addition,  one 
tumor  vessel  may  supply  10' to  10s  tumor  cells,  and 
thus  tumor  endothelial  cell  targeting  may  amplify  the 
antitumor  effects. 

Endostatin,  first  isolated  from  mice  bearing  heman¬ 
gioendotheliomas,  is  a  20-kDa  C- terminal  proteolytic 
fragment  of  collagen  XVII l  that  is  localized  to  the  peri¬ 
vascular  space. 11  O'Reilly  ct  aln  demonstrated  that  treat- 
meat  with  endostatin  at  a  dose  of  0.3  mg/kg/day 
suppressed  the  growth  of  Lung  metastases  in  the  Lewis 
lung  carcinoma  (LLC)  tumor  model.  Importantly,  no 
weight  loss,  systemic  toxicity;  or  drug  resistance  was 
observed  in  animals  receiving  endostatin  treatment. 
However,  tumors  recurred  at  the  primary  site  5  to  14 
days  after  discontinuation  of  endostatin  therapy  Endo¬ 
statin  is  currently  under  investigation  in  human  trials. 

Current  antiangiogenic  therapy  requires  continuous 
and  prolonged  administration  of  angiogenic  inhibitors. 
A  strategy  that  targets  both  tumor  cells  and/or  increases 
the  efficacy  of  endothelial  cell  kill  might  overcome  the 
requirement  for  prolonged  antiangiogenic  treatment  and 
address  problems  associated  with  the  production  and 
availability  of  angiostatin  and  endostatin.  In  the  present 
studies,  we  demonstrate  a  modulation  of  endothelial 
cell  death  after  exposure  to  endostatin.  We  also  report 
an  increase  in  antitumor  effects  when  endostatin  treat¬ 
ment  is  combined  with  ionizing  radiation  (IR)  when 
compared  with  either  treatment  alone.  Histopathologic 
analyses  demonstrate  a  decrease  in  tumor  angiogenesis, 
as  indicated  by  a  reduction  in  microvascukr  density  at 
day  35.  These  data,  combined  with  our  in  vitro  studies, 
support  interactive  cytotoxic  effects  of  endostatin  and 
IR  that  are  specific  for  endothelial  cells  that  produce 
antitumor  effects  without  toxicity. 


METHODS  _ — - — - 

Ceil  tines 

The  human  aortic  endothelial  cells  (HAEC)  and  human 
umbilical  vein  endothelial  cells  (HUVEC)  that  were  used 
for  these  studies  were  purchased  from  Clonerics  and 
maintained  in  EGM-2  medium  (Clonetics  Corporation, 
San  Diego,  CA).  Calf  pulmonaty  artery  endothelial 
(CPAE)  cells  were  obtained  from  the  ATCC  (Manassas, 
VA)  and  were  maintained  in  Dulbecco's  Modified  Eaglet 
Medium  (DMEM.1  (Gibco,  Grand  Island,  NY)  supple¬ 
mented  with  10%  fetal  bovine  sernm  (Intergen,  Pur¬ 
chase,  NY),  100  units/mL  of  penicillin  (GIBCO),  and 
100  pg/mL  streptomycin  (GIBCO).  SQ-2CB  cells,  de¬ 
rived  from  a  patient  with  squamous  cell  cancer  of  the 
larynx  afier  recurrence  following  primary  radiotherapy 


(D0  =  239  cGy),  were  maintained  as  previously  de¬ 
scribed.  ltt  Lewis  lung  carcinoma  (LLC-LM)  tumor  cells, 
a  gift  from  Dr.  Judah  Folkman,  were  grown  in  DMEM 
supplemented  with  10%  heat-inactivated  fetal  bovine 
serum,  100  units/mL  of  penicillin,  and  100  p-g/mL  of 
streptomycin. 

Cloning  and  Expression  of  Murine  Endostatin  In 
Escherichia  cofl 

The  sequence  encoding  the  carboxyl  terminal  portion  of 
the  mouse  collagen  XVLI1  was  amplified  by  polymerase 
chain  reaction  (PCR)  by  use  of  Vent  DNA  polymerase 
and  the  endostatin  pBAPak  8  vector  as  a  template.  PCR 
was  carried  out  for  30  cycles  by  use  of  94°C  for  denaiur- 
ation,  60OC  for  annealing,  and  72°C  for  extension,  one 
minute  for  each.  The  amplified  DNA  fragment  (355 
base  pairs)  was  purified  by  use  of  a  QIAquick  PCR 
purification  kit,  digested  with  Ndel°and  Xfcal  and  ligated 
into  the  pET17b  his  expression  vector.  Initial  transfor¬ 
mation  was  carried  out  in  the  HMS  174  host  strain. 
Positive  clones  were  sequenced  on  both  strands  and 
finally  transformed  into  BL21(DE3)  for  expression.  The 
expression  of  recombinant  protein  in  the  pET  system 
was  carried  out  according  to  manufacturer  specifica¬ 
tions  . 

Muilne  Endostatin  Purification 

Recombinant  endostatin  was  purified  by  use  of  a  Ni- 
NTA  column  in  the  presence  of  8  M  of  urea,  as  described 
in  the  Q1A  expressionist  manual.  Briefly,  the  bacterial 
pellet  was  solubilized  in  equilibration  buffer  containing 
8  M  of  urea,  10  mM  of  Tris,  and  100  mM  of  sodium 
phosphate  buffer,  pH  8  0,  for  1  hour  at  room  tempera¬ 
ture.  The  suspension  was  sonicated  three  to  four  times 
and  centrifuged  at  10,000  X  g.  The  soluble  fraction 
was  loaded  onto  a  Ni-NTA  column  operating  at  a  flow 
rate  of  10  to  20  m L/h.  The  column  was  washed  repeat¬ 
edly  with  equilibration  buffer.  Bound  proteins  were 
eluted  by  sequentially  lowering  the  pH  of  the  buffer 
from  pH  8.0  to  6.3. 4.2;  and  3.0.  Purified  fractions  were 
analyzed  by  SD5-PAGE.  Fractions  containing  purified 
endostatin  protein  were  pooled  and  permitted  to  slowly 
refold.  During  dialysis  against  phosphate-buffered  saline 
(PBS),  pH  7.4,  at  4°C,  the  protein  precipitated  out  of 
solution.  Endostatin  was  further  concentrated  and 
stored  in  small  aliquots  at  -  7Q°C.  Protein  concentration 
v/as  determined  by  use  of  the  BCA  assay  (Pierce,  Rock- 
.  ford,  1L>. 

Expression  and  Purification  of  Murine  Endostatin  In 
Plchla  pastorls 

The  sequence  encoding  mouse  endostatin  was  further 
modified  by  PCR  by  use  of  Vent  DNA  polymerase.  The 
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amplified  fragment  containing  EcoRl  and  Nod  restriction 
sites  was  subcloned  into  a  predigested  yeast  expression 
vector.  Initial  transformation  was  performed  in  the  top 
10'  host  strain.  The  resultant  clones  were  screened  for 
insert,  and  the  positive  clones  were  sequenced.  The 
plasmid  was  linearized  with  5cc  1  and  used  for  homolo¬ 
gous  recombination  into  the  host  strain  GS115.  Trans¬ 
formation  was  carried  "by  use  of  the  lithium  chloride 
method  using  standard  techniques.  Recombinants  were 
selected  by  plating  on  Yeast  Proteome  Database  plates 
containing  100  p.g/mL  of  Zeocin  and  clones,  which  grew 
and  were  then  tested  for  expression.  Protein  purification 
of  endostatin  was  carried  out  by  use  of  a  heparin-agarose 
column. 

Glonofeile  Assay 

For  endostatin  dose  response  experiments.  200  to  1000 
HUVECs  and  HAECs  were  plated  in  100-mm  tissue 
culture  dishes.  The  VEGF  normally  present  in  the 
growth  medium  was  replaced  with  10  ng/mL  VEGF 
purchased  from  R&rD  Systems  (Minneapolis.  MN).  Eigh¬ 
teen  hours  after  plating,  0,  1,  10,  lOO.and  1000  ng/ 
mL  of  murine  endostatin  was  added.  For  x-ray  survival 
analysis,  200  to  20,000  HUVECs  and  HAECs  were 
plated  in  100-mm  tissue  culture  dishes.  Eighteen  hours 
after  plating,  cells  were  irradiated  with  100  to  900  cGy 
by  use  of  a  GE  Maxiiron  X-ray  generator  operating  at 
250  kV,  26  mA,  with  a  0.5-mm  copper  filter,  at  a  dose 
rate  of  118  cGy/min.  For  the  combined  experiments, 
200  lo  20.000  HUVECs  and  HAECs  were  plated  in 
100-mm  tissue  culture  dishes.  Eighteen  hours  after  plat¬ 
ing  0,  10,  and  100  ngfaiL  of  murine  endostatin  was 
added.  Four  hours  after  the  addition  of  endostatin,  the 
cells  were  treated  with  100  to  900  cGy.  For  all  experi¬ 
ments,  cultures  were  incubated  for  14  to  17  days,  after 
which  they  were  stained  with  crystal  violet,  colonies 
were  counted,  and  the  surviving  fraction  was  deter¬ 
mined.  Colonies  containing  more  than  50  cells  were 
scored  as  positive. 

Analysis  of  Apoptosis  Using  FACS  and  DAPI  Microscopy 

HUVECs  treated  with  100  ng/mL  of  murine  endostatin, 
1R,  or  the  combination  were  harvested  at  0,  1,  4.  8,  12, 
24,  48.  72.  and  96  hours.  Cells  were  grown  in  100- 
mm  tissue  culture  dishes  and  harvested  into  single-cell 
suspensions  by  use  of  0.05%  irypsin/ethylenediamine- 
tctraacetic  acid.  CPAE  cells  were  plated  in  a  six-well 
plate  at  100,000  celk/well  and  treated  with  10  p,g/mL 
endostatin,  9  Gy,  or  the  combination  on  the  following 
day  Endostatin  was  added  4  hours  before  1R.  Cells  were 
harvested  at  0  hours.  24  hours,  and  48  hours.  Cells 
were  fixed  by  nnsing  twice  with  PBS.  The  pellet  was 
broken  by  tapping,  and  cells  were  resuspended  in  0.5 
mL  of  paraformaldehyde.  After  fixation,  l  X  10*  cells 


were  washed  in  PBS  and  resuspended  in  3.8  mM  of 
sodium  citrate.  RNase  A  (0. 125  mg/mL)  was  added,  and 
the  cells  incubated  at  37CC  for  30  minutes.  Propidium 
iodide  (0.01  mg/mL)  was  added,  and  cells  were  incu¬ 
bated  on  ice  for  30  minutes.  DNA  content  was  analyzed 
by  use  of  a  Beet  on- Dickinson  FACScan  Analyzer. 

For  morphologic  analysis,  5  X  10s  cells  were  washed 
in  PBS  and  resuspended  at  a  concentration  of  1  X 
10®  cell/mL  of  PBS.  The  cell  suspension  (200  p.L)  was 
transferred  to  a  microscope  slide  coated  with  poly-L- 
lysine  by  use  of  a  CytoSpin  centrifuge.  Four  hundred 
microliters  (0.1  pg/mL)  of  DAPI  was  applied  to  each 
slide  for  15  minutes  in  the  dark.  The  slides  were  washed 
twice  with  PBS  and  dried.  Cover  slips  were  mounted 
by  use  of  Vectashield  mounting  medium.  The  slides  were 
viewed  by  use  of  a  Zeiss  photomicroscope  equipped  with 
a  Photometries  digital  camera  connected  to  a  Power 
Macintosh  running  IP  Lab  Analysis  software.  Random 
fields  were  photographed  and  100  nuclei  counted  for 
each  experimental  condition. 

Animal  Studies 

SQ-20B  xenografts  were  grown  in  the  hind  limbs  of  6- 
to  B-week-old  athymic  female  nude  mice  (Frederick 
Cancer  Research  Institute,  Frederick.  MD)  by  subcuta¬ 
neous  inoculation  of  5  X  10®  cells  suspended  in  100 
mL  of  PBS,  Tumors  were  permitted  to  grow  for  11  to 
15  days  to  a  mean  volume  of  470.3  ±  28.1  mm’  («  = 

5  L).  LLC  tumor  ceils  ( 1  x  1 06  in  PBS)  were  injected  in  the 
right  hind  limb  of  C57BI/6  female  mice  and  permitted  to 
grow  to  a  mean  volume  of  305.9  ±8.2  mmJ  (n  =  35). 
At  day  0,  initial  tumor  volume  was  determined  by  direct 
measurement  by  use  of  calipers,  as  previously  de¬ 
scribed.17  Subsequently,  tumor  volume  was  determined 
two  to  three  times  per  week.  Based  on  the  day  0  tumor 
volume,  mice  were  randomly  assigned  to  treatment 
groups  such  that  the  mean  volume  of  each  treatment 
group  was  approximately  equal.  Mice  treated  with  ma¬ 
rine  recombinant  endostatin  were  injected  intraperi- 
toneally  with  a  dose  of  2.5  mg/kg  at  3  hours  before 
x-irradiation.  Mice  bearing  SQ-20B  xenografts  were  in¬ 
jected  five  times  per  week  for  2  weeks  to  coincide  with 
1R  exposure  (5  Gy/d  ay,  5  days/week  to  a  total  dose  of 
50  Gy).  Mice  bearing  LLC  tumors  were  injected  with 
endostatin  24  hours  before  the  first  1R  dose  and  then 
3  hours  before  IR  for  3  consecutive  days  (15  Gy/day 
ic  a  total  dose  of  45  Gy).  The  care  and  treatment  of 
experimental  animals  was  in  accordance  with  institu¬ 
tional  guidelines.  Data  are  reported  as  percent  of  ongina 
(day  0)  tumor  volume  and  are  graphed  as  fractional 
tumor  volume  ±  SEM. 

ImmunohlstochemUtry 

At  day  3->,  mice  were  euthanized,  and  tumors  were 
excised  and  fixed  in  10%  neutral  buffered  formalin. 
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After  the  tumors  were  embedded  in  paraffin,  5-n.m  sec¬ 
tions  were  cut,  tissue  sections  were  mounted,  and  CD31 
immunohistochemisiry  was  performed.  A  total  of  five 
high-power  fields  (400  X)  per  section  were  examined 
by  use  of  a  Nikon  Microphot-FX  microscope  equipped 
with  a  Sony  digital  camera .  Vessel  counts  were  determine 
by  use  of  Macintosh  Image  F’ro-Plus  imaging  software 
as  previously  described.'8 

Statistical  Analysis 

Statistical  significance  was  determined  by  use  of  one¬ 
way  analysis  of  variance  (ANOVA)  and  students  t-tesL 
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To  explore  the  potential  cytotoxic  effects  of  endostatin, 
survival  analysis  was  performed  on  HAECs,  HUVECs, 
and  SQ-20B  tumor  cells.  Clonogenic  assays  demon¬ 
strated  20%  to  40%  killing  for  HAECs  and  HUVECs 
exposed  to  concentrations  of  1000  rtg'mL  of  endostatin 
(Fig.  la).  To  explore  potential  interactive  cytotoxicity, 
HAEC  (Fig.  lb)  and  HUVEC  cultures  were  treated  with 
endostatin  and  exposed  to  IR.  Both  10  and  100  ng/mL 
of  endostatin  produced  enhancement  of  IR  killing  of 
HAECs  at  doses  ranging  from  1 00  to  900  cGy.  IR  killing 
enhancement  of  HUVECs  occurred  at  the  higher  radia¬ 
tion  doses  (700  and  900  cGy).  An  interaction  between 
endostatin  and  IR  was  present  in  both  HAEC  and 
HUVEC  cell  lines.  By  contrast,  no  interactive  killing  was 
observed  when  SQ-20B  tumor  cells  were  treated  with 
the  combination  of  endostatin  and  IR  (data  not  shown). 

To  evaluate  whether  the  mechanism  of  interaction 
between  endostatin  and  IR  involves  cell  killing  mediated 
by  apoptosis,  HUVECs  were  treated  with  100  ng/ml.  of 
endostatin,  90C  cGy,  or  the  combination.  There  was  no 
increase  in  apoptosis  in  cells  treated  with  (1)  endostatin 
alone  compared  with  control  cells  and  (2)  endostatin 
plus  IR  when  compared  with  IR  alone.  Dh  a  rubai  el  al19 
reported  significant  differences  in  annexin  fluorescence 
intensity  (apoptosis)  in  CPAE  cells  treated  with  5  and 
10  pg/mL  of  endostatin  when  compared  with  control. 
Examination  of  CPAE  cells  24  hours  after  treatment 
with  10  pg/mL  of  endostatin.  9  Gy.  or  the  combination, 
showed  that  the  control  cells  were  7%  apoptotic,  cells 
treated  with  10  pg/mL  of  endostatin  were  20%  apop- 
totic,  cells  treated  with  9Gy  were  20.6%  apoptotic,  and 
cells  treated  with,  the  combination  were  34%  apoptotic. 
Forty-eight  hours  after  treatment,  control  cells  were 
17  8%  apoptotic,  cells  treated  with  endostatin  were  32% 
apoptotic,  cells  treated  with  9  Gy  were  27.8%  apoptotic, 
and  cells  treated  with  the  combination  were  56.1% 
apoptotic.  These  data,  considered  with  data  from  HAECs 
and  HUVECs.  suggest  that  the  mechanism  of  endothelial 
cell  killing  may  be  both  necrotic  and  apoptotic. 


E^-IXrav  Only  0S  Xray  +  10  ng/ml  Endostatin 
»  10  ag/roi  Endostatin 

Figure  1(a)  Hndomelfai  cells  (200-500  human  aortic  endothe¬ 
lial  cells  [HAECsJ  and  human  umbilical  vein  endothelial  cells 
[HUVECs])  were  plated  In  EGM-2  medium  In  100-mm  tissue  cul¬ 
ture  dshes.  Eighteen  hours  later,  mouse  endostatin  (1, 10, 100, 
or  1000  ng/mL)  was  added.  The  dishes  were  returned  to  the 
incubator  for  14  to  17  days,  after  which  they  were  stained  with 
crystal  violet,  colonies  were  counted,  and  the  surviving  fraction 
was  determined.  Colonies  containing  more  than  50  cells  were 
scored  as  positive.  Values  represent  mean  of  two  experiments 
±  SEM.  (b)  Endothelial  cells  (HAECs)  were  plated  in  EGM-2 
medium.  To  account  for  radiation  killing,  increasing  numbers  of 
cells  (200  to  10*)  were  plated  in  100-mm  tissue  culture  dishes. 
Eighteen  hours  later,  plating  endostatin  was  added  at  concentra¬ 
tions  of  10  and  100  ng/mL.  Four  hours  later,  cells  were  irradiated 
with  doses  of  100-700  cGy  by  use  of  a  GE  Maxitron  x-ray  genera- 
'  tor  operating  at  26  mA,  250  kV,  with  a  O.Smm  copper  filter,  at 
a  dose  rate  Of  118  cGy/min.  Cultures  were  i ncubated  and  stai ned 
as  described  eartier.  Values  represent  mean  of  two  experiments 
±  SEM. 


We  employed  tumor  regression  and  regrowth  to  eval¬ 
uate  potential  interactive  cytotoxic  effects  between  en- 
doslattn  and  IR  by  use  or  tumor  model  systems.  In 
animals  bearing  SQ-20B  xenografts  (mean  volume  at 
day  0  =  470.0  ±  28.1  mrn\  n  =  50,  combined 
treatment  with  endostatin  and  IR  produced  tumor 
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growth  inhibition  that  was  most  pronounced  at  the  nadir 
oi  regression  (day  2 1)  when  compared  with  either  treat¬ 
ment  alone  (Fig.  2).  Compared  with  untreated  control 
tumors,  50  Gy  produced  a  36%  reduction  in  mean 
tumor  volume,’ whereas  treatment  with  endcstatin  alone 
produced  a  21%  reduction  After  combined  treatment 
with  endostacin  and  50  Gy,  mean  tumor  volume  was 
reduced  by  69%  (P  =  0.06.  ANOVA).  This  reduction 
(69%)  was  greater  than  expected  (50%),  suggesting  an 
interaction  between  endostatin  and  IR.  Mice  in  both  the 
control  and  the  IR  treatment  groups  were  sacrificed 
at  day  25  because  tumor  burden.  We  monitored  the 
remaining  two  treatment  groups  (endostatin  alone  and 
endostatin  plus  JR)  until  day  35,  when  we  collected 
tumor  tissue  for  immunohistochemical  analysis.  We 
noted  that  the  effects  of  combined  treatment  were  still 
evident.  Tumors  receiving  combined  treatment  with  en¬ 
dostatin  and  IR  (443  ±  95  mm1)  were  47%  smaller 
than  tumors  treated  with  endostatin  alone  (532  ±  342 
mm3).  We  conducted  a  second  experiment  (data  not 
shown)  employing  5Q-20  B  xenografts  (mean  volume 
at  day  0  =  754.1  ±  60.9  mm"',  n  ~  26).  Again,  we 
observed  an  increase  in  regression  after  combined  treat¬ 


ment  with  endostatin  and  IR  when  compared  with  either 
treatment  alone  (day  15,  p  =  0  06,  ANOVA).  Although 
the  nadir  of  regression  was  observed  7  days  earner  mar. 
in  the  previous  experiment,  the  antitumor  internet; on 
between  endostatin  and  IR  was  unquestionable.  No  in¬ 
crease  in  local  (in-field)  desquamation  effects  between 
animals  treated  with  IR  and  those  treated  with  endo¬ 
statin  plus  IR  was  noted.  Additionally,  body  weights 
were  maintained  equally  in  all  treatment  groups  com¬ 
pared  with  control  animals  (data  not  shown). 

We  conducted  similar  experiments  employing  the 
murine  LLC  model,  which  differs  from  the  SQ-20B 
xenograft  model  in  both  radiosensitivity  and  doubling 
time.  We  found  that  in  C57BI/6  mice  bearing  LLC  tu¬ 
mors  (mean  volume  at  day  0  =  305.9  ±  8.2  mm1, 
n  =  35),  injection  of  endostatin  24  hours  before  the 
initiation  of  IP.  therapy  produced  the  best  interaction 
between  the  two  treatment  modalities.  Combined  treat¬ 
ment  produced  tumor  growth  inhibition  that  was  signifi¬ 
cant  when  compared  with  either  treatment  alone  (day 
HP-  0.001,  ANOVA,  Fig.  3).  Tumore  in  the  control 
group  were  11.2  rimes  larger  than  initial  volume  (day 
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Figure  2  Tumor  growth  after  combined  treatment  with  endos¬ 
tatin  and  ionizing  radiation  (IR).  Athymic  nude  mice  bearing  SQ: 
20Bxenog(afts  (470.3  £  28.1  mm1)  were  injected  mtrapentone- 
atlv  with  murine  recombinant  endostatin  (2.5  mg/kg)  3  ours 
before  x-it  radiation  (5  Gy /day.  4  days/weex,  to  a  total  dose  of 
50  Gv>.  Data  are  calculated  as  me  percent  of  original  volume 
(day  0)  tumor  volume  and  are  graphed  as  fractional  tumor  v  ume 
+  SEM  Volumes  of  xenografts  are  shown  after  treatment  with 
control  (untreated);  IR  alone  at  50  Gy;  murine  endostat  n  alone 
(mEndo);  and  murine  endostatin  and  50  Gy  tmEndo  +  50  Gy). 
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Kure  3  Tumor  growth  after  combined  treatment  with  endos- 
tin  and  Ionizing  radiation  (IR).  05 7 Bi/6  female  mice  bearing 
>wls  lung  carcinomas  were  injected  intraperiloneaiiywitn  murine 
icorflbinant  endostatin  (2.4  mg/kg)  24  hours  before  the  first 
>  dose  and  men  3  hours  before  IR  for  3  consecutive  days  (15 
v/day  to  a  total  dose  of  45  Gy).  Data  are  calculated  as  the 
ercent  of  original  volume  (oay  O)  tumor  volume  end  are  graphed 
s  fractional  tumor  volume  ±  SEM.  Volumes  of  tumors  are  shown 
tier  treatment  with  control  (untreated):  IR  alone  at  45  Gy;  rnurine 
ndoatatin  alone  (mEndo);  and  murine  endostatin  and  45  Gy 
mEndo  •+*  45  Gy). 
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01  whereas  those  in  the  endostatin  alone  group  were 
9.39  times  larger.  Tumor  growth  in  the  IR  and  the  com¬ 
bined  treatment  groups  was  slowed  afteT  treatment  UR 
alone  =  1.41. 1R  plus  endostatin  =  1-08  times  larger 
than  initial  volume).  In  spite  of  the  rapid  growth  of  LLC 
tumors,  the  comparatively  low  dose  and  short  duration 
of  endostatin  treatment  (2.5  mg/kg  X  4  days),  and  the 
IR  schedule  ( 1 5  Gy  X  3) ,  interactive  cytotoxic  treatment 
effects  between  endostatin  and  IR  were  demonstrated 
in  this  experiment  (expected  -  10.5%,  observed  « 
9.6%).  Mice  in  the  control  and  the  endostatin  alone 
groups  were  sacrificed  at  day  1 L  because  of  tumor  bur¬ 
den  Mice  in  the  IR  and  combined  treatment  groups 
were  monitored  until  termination  of  the  experiment  on 
day  16.  No  increase  in  local  (in-field)  desquamation 
effects  between  animals  treated  with  IR  and  those  treated 
with  endostatin  plus  IR  was  noted.  Additionally,  body 
weights  were  maintained  equally  in  all  treatment  groups 
compared  with  control  animals  (data  not  shown). 

To  evaluate  the  effects  of  combined  treatment  with 
endostatin  and  IR  on  the  tumor  vasculature,  we  exam- 
ined  SQ-20B  tumor  tissue  sections  by  use  of  anti-(-D31 
antibody  and  standard  immunohisiochemical  tech¬ 
niques.  Tumors  were  excised  from  six  animals  in  the 
two  surviving  treatment  groups  (endostatin  alone  and 
endostatin  plus  IR)  from  the  first  experiment.  The  mean 
number  of  vessels  per  five  high-power  fields  was  re¬ 
duced  after  exposure  lo  combined  treatment  with  endo¬ 
statin  and  IR  (14  ±  8)  compared  with  endostatin  alone 
(40  ±  11,  Table  1).  These  data  suggest  an  interaction 
between  endostatin  and  IR. 


aiSCUSSION 

Results  from  in  vivo  studies  employing  tumor  model 
systems  suppon  the  hypothesis  that  the  tumor  endothe¬ 
lium  can  be  converted  into  a  target  for  cytotoxic  effects 
of  IR  The  tumor  regression  observed  after  combine 
treatment  with  endostatin  and  IR  demonstrates  inter¬ 
active  antitumor  effects  that  are  additive  when  compared 
with  the  effects  of  either  treatment  alone.  Importantly, 
the  antitumor  effects  observed  were  achieved  by  use  of 
relatively  low  concentrations  of  endostatin  (2.5  mg/  y 
day)  when  compared  with  those  used  in  the  experiments 
of  Boehm  el  at,1''  in  which  turner-bearing  animals  were 
treated  with  20  mg/kg/day.  Also,  in  the  present  studies 
endostatin  was  administered  in  order  to  coincide  wit 


fractionated  radiotherapy.  No  additional  endostatin  was 
administered  after  the  completion  of  IR  therapy.  In  other 
published  reports,  prolonged  endostatin  treatment  was 
required  in  order  to  achieve  tumor  control  and  to  main¬ 
tain  dormancy.15  Importantly,  no  increase  in  local  or 
systemic  side  effects  was  noted  in  combined  treatment 
groups  when  compared  with  animals  treated  with  IR 

^Further  support  for  the  hypothesis  that  the  vascula¬ 
ture  represents  a  target  for  endostatin/IR  interaction 
comes  from  the  immunohisto chemical  analyses  of  SQ- 
20B  xenografts.  The  number  of  vessels  in  tumors  treated 
with  endostatin  and  IR  was  reduced  when  compared 
with  the  number  of  vessels  in  the  tumors  treated  with 
endostatin  alone.  It  is  noteworthy  that  although  a  low 
dose  of  endostatin  (2.5  mg/kg/day)  was  used  in  these 
experiments  and  endostatin  treatment  was  terminated 
at  day  11  to  coincide  with  the  last  dose  of  IR,  the  effects 
of  combined  treatment  persisted  at  day  35.  A  more 
dramatic  treatment  effect  on  vascular  density  may  have 
been  present  at  earlier  times  and  during  treatment.  Also, 
the  limited  supply  of  murine  endostatin  prevented  the 
use  of  a  higher  dose  that  might  have  revealed  more 
dramatic  tumor  regression  in  the  combined  treatment 

group.  ,  .  . 

The  hypothesis  that  the  endothelium  is  a  potential 
target  for  the  cytotoxic  interaction  between  endostatin 
and  IR  is  further  supported  by  studies  that  demonstrate 
that  endostatin  enhances  the  cytotoxic  effects  of  IR  on 
endothelial  cells  but  not  on  tumor  cells.  These  findings 
are  similar  tc  our  previously  published  report  using 
angiostatin. 19 The  mechanism  by  which  the  combination 
of  endostatin  and  IR  produces  cell  killing  appears  to  be 
a  mitotic  oi  an  apoptotic  mode  of  cell  death,  depending 
on  the  origin  of  the  endothelial  cells  investigated.  These 
results  highlight  potential  molecular  differences  m 
mechanism  or  mechanisms  of  endostatin  cell  kill  m 
endothelial  cells  and  the  interaction  with  IR- 


CQNClUSIOli - - - - - - 

The  present  data,  considered  with  the  results  of  our 
previous  work  employing  angiostatin.  strongly  support 
our  hypothesis  that  combined  targeting  o.  the  tumor 
cell  population  and  the  endothelial  cell  population  is 
supenor  to  treatment  or  either  component  alone  Treat¬ 
ment  with  antiangiogenic  peptides,  such  as  endostatin 


TABLE  1 


Treatment 


Inlratumoial  Mlcravossel  DewltT  I"  SQ-20B  THmoj£ 


Endostatin  (n  =  6) 

End o statin  -t-  IR  (n  =  6) 

Abbreviation:  IR,  ionizing  radiation. 
•p  =  0.09;  t-test. 


Microvessel  Count  Mean  ±  SEM 

40  ±  11 
14  ±  S 


Median  (range) 


41.5  (0-78) 
7.0  (0-51) 
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that  interacts  with  IR,  can  magnify  tumor  control  by 
causing  endothelial  cell  killing  that  deprives  the  growing 
tumor  cells  of  an  adequate  blood  supply.  Evaluation  o 
the  antitumor  interaction  between  short-course,  low- 
dose  endostatirt  and  IR  requires  a  different  nsk/beneht 
analysis  for  potential  clinical  use  than  a  classical  isobolo- 
eram  analysis  between  two  toxic  agents  because  sub¬ 
stantial  therapeutic  benefit  may  be  achieved  without 
increased  toxicity."  Radiotherapy  combined  with  anu- 
angiogenic  therapy  offers  considerable  potential  for  the 
treatment  of  human  cancers. 
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